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Abstract
Two-dimensional sigma models are defined for the new manifestly spacetime
supersymmetric description of four-dimensional compactified superstrings. The
resulting target-superspace effective action is constrained by the way the space-
time dilaton couples to the worldsheet curvature: For the heterotic superstring,
the worldsheet curvature couples to the real part of a chiral multiplet, and for
Type II it couples to the real part of the sum of a vector multiplet and a tensor
hypermultiplet.
For the Type II superstring, this contradicts the standard folklore that only
a hypermultiplet counts string-loops, explains the peculiar dilaton coupling of
Ramond-Ramond fields, and allows the effective action to be easily written in
N=2 4D superspace. It also implies that vector multiplet interactions get no
quantum corrections, while hypermultiplet interactions can only get corrections
if mirror symmetry is non-perturbatively broken.
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1. Introduction
There are two ways to construct low-energy effective actions in string theory.
One can define a two-dimensional sigma model for the string in a curved back-
ground, use conformal invariance to determine the equations of motion, and look
for an action which provides these equations of motion[1]. Alternatively, one can
calculate on-shell S-matrix scattering amplitudes and look for an action which
yields these amplitudes[2].
For the superstring in the RNS formalism, both of these methods are made
clumsy by the complicated nature of the Ramond fields. For this reason, the part
of the effective action coming from the Ramond fields is much less understood than
the part coming from the Neveu-Schwarz sector. In light of recent conjectures
relating non-perturbative states with the Ramond-Ramond sector of the type II
superstring[3], this lack of understanding is especially bothersome. For example,
the F 2 term for the graviphoton field strength appears to be independent of the
dilaton ϕ, instead of having the expected e−2ϕ dependence of tree-level terms[4].
Recently, a new formalism for the superstring has been discovered with local
N=2 worldsheet superconformal invariance[5]. This formalism is related to the
RNS formalism by a field-redefinition[6], but has the advantage of being mani-
festly spacetime supersymmetric. It is especially well-suited for compactifications
to four dimensions, where it allows manifestly 4D super-Poincare´ invariant quan-
tization[7].
In this paper, we use this new formalism to define a two-dimensional sigma
model and construct a superspace effective action for 4D compactifications of
heterotic and Type II superstrings. While the heterotic effective action in N=1
4D superspace has already appeared in the literature[8], the Type II effective
action in N=2 4D superspace is new. Since spacetime-supersymmetry is mani-
fest, there is no distinction between Ramond and Neveu-Schwarz fields and the
previous confusion over the Ramond sector is easily resolved. Furthermore, the
requirement that the Fradkin-Tseytlin term for dilaton coupling contains N=2
worldsheet supersymmetry implies certain non-renormalization theorems for the
effective action. For those readers who are only interested in the new Type II su-
perspace effective action and the resulting non-renormalization theorems, it may
be useful to just read section 3 and section 5, and skip the derivation from the
sigma model.
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In section 2, we review the new manifestly spacetime supersymmetric for-
malism for the superstring. This formalism has critical N=2 worldsheet super-
conformal invariance, and for compactifications to four dimensions, superspace
chirality is related to worldsheet chirality[7]. Superstring scattering amplitudes
can be computed by calculating correlation functions of BRST-invariant vertex
operators on N=2 super-Riemann surfaces[5], and the amplitudes agree with those
obtained using the RNS formalism. Since the massless vertex operators are re-
lated to the linearized interactions of the sigma model, these vertex operators will
be reviewed.
The massless vertex operators are manifestly spacetime supersymmetric and
are constructed from prepotentials of the spacetime superfields. For the het-
erotic superstring, these prepotentials describe N=1 conformal supergravity, a
tensor multiplet, super-Yang-Mills multiplets, and chiral scalar multiplets which
come from compactification moduli. (We assume throughout this paper that
the compactification manifold has no isometries, so all moduli are described by
four-dimensional scalars.) For the Type II superstring, the prepotentials describe
N=2 conformal supergravity, a tensor hypermultiplet, and chiral or twisted-chiral
multiplets from the compactification moduli. The superspace chirality of the com-
pactification moduli superfields comes from the worldsheet chirality or twisted-
chirality of the relevant N=(2,2) primary fields. As will be discussed, Type II
chiral multiplets can be interpreted as vector multiplets[9] while twisted-chiral
multiplets can be interpreted as tensor hypermultiplets[10]. Note that tensor
hypermultiplets contain the same on-shell component fields as scalar hypermulti-
plets, which are more commonly used to describe Type II compactification mod-
uli.
Unlike the massless vertex operators, sigma models and effective actions are
constructed from superspace gauge fields and field strengths rather than prepo-
tentials. In section 3, we will review the torsion constraints which relate these
gauge fields and field strengths to their prepotentials. To analyze these torsion
constraints and to facilitate the construction of superspace actions, it will be
useful to introduce conformal compensators. (In the bosonic string, the space-
time dilaton which couples to worldsheet curvature plays the role of a confor-
mal compensator[11].) Although there are various types of compensators one
can introduce for N=1 and N=2 supergravity, worldsheet supersymmetry of the
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Fradkin-Tseytlin term in the sigma model uniquely determines the correct type.
As discussed in reference [12], the correct type of compensator can also be deter-
mined by requiring factorization of closed superstring states involving worldsheet
ghosts.
For the heterotic superstring, the compensator must be a chiral scalar multi-
plet, which identifies the off-shell theory as matter coupled to old minimal super-
gravity. For the Type II superstring, two compensators are required, one which
is chiral (a vector multiplet) and one which is twisted-chiral (a tensor hypermul-
tiplet). Normally the compensators are gauge-fixed to remove the unphysical
spacetime invariances. However, in the superstring sigma model, spacetime con-
formal invariance is instead removed by gauge-fixing the non-compensator tensor
multiplet. (This is similar to the bosonic string sigma model, where the phys-
ical scalar is gauge-fixed instead of the dilaton.) For the heterotic superstring,
this leaves a spacetime U(1) invariance (which is related to worldsheet U(1) in-
variance), while for the Type II superstring, this leaves a spacetime U(1)×U(1)
invariance (which is related to worldsheet U(1)×U(1) invariance).
In section 4, we use the above spacetime superfields to explicitly construct
a sigma model for four-dimensional compactifications of heterotic and Type II
superstrings. The sigma model for the heterotic superstring was constructed
with the assistance of Jan de Boer, Peter van Nieuwenhuizen, Martin Rocˇek,
Ergin Sezgin, Kostas Skenderis, and Kellogg Stelle. Like the standard 4D GS
sigma model[13], this sigma model contains a term proportional to 1/α′ where
the superfields couple to their massless vertex operators. In the presence of torsion
constraints (which do not put the superfields on-shell), this 1/α′ term is invariant
under classical worldsheet superconformal transformations.
However, unlike the standard GS sigma model, this sigma model also contains
a Fradkin-Tseytlin term where the spacetime compensators couple to worldsheet
supercurvature. For the heterotic superstring, the spacetime chiral compensator
couples to N=(2,0) supercurvature, which is described by a worldsheet chiral
superfield[14]. For the Type II superstring, the spacetime chiral and twisted-
chiral compensators couple to N=(2,2) supercurvature, which is described by a
worldsheet chiral and twisted-chiral superfield. Quantum N=2 superconformal
invariance of the combined 1/α′ and Fradkin-Tseytlin terms is expected to imply
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the equations of motion for the spacetime superfields. This is currently being
checked for the heterotic superstring by de Boer and Skenderis.
Finally in section 5, we use some simple properties of the sigma model to con-
struct superspace effective actions. (For those readers only interested in effective
actions, they can skip directly to this section, using section 3 as a reference.) Al-
though the heterotic superspace effective action has already appeared in the liter-
ature[8], the Type II superspace effective action is new. This N=2 4D superspace
action includes a chiral term for vector multiplet interactions and a twisted-chiral
term for tensor hypermultiplet interactions. The twisted-chiral term is made
SU(2) invariant by introducing harmonic-like variables[15][16]. Since worldsheet
Euler number couples in the Type II sigma model to the sum of the vector and
tensor compensators, it is straightforward to determine the string-loop order of
each term in the effective action. This type of dilaton coupling contradicts the
standard folklore that loops are counted by just a hypermultiplet[17], and ex-
plains the dilaton coupling of Ramond-Ramond fields. (By dilaton, we always
mean the field which couples to worldsheet curvature, and not the physical scalar
which couples like the trace of the metric. The confusion in the literature was
caused by the fact that the physical scalar, which does not count string loops,
sits in a hypermultiplet.)
We then prove various non-renormalization theorems for the Type II effective
action, including the theorem that the chiral term for vector multiplet interac-
tions receives no quantum perturbative or non-perturbative corrections. Since
mirror symmetry of the sigma model relates chiral and twisted-chiral terms in
the effective action, hypermultiplet interactions can only receive quantum cor-
rections if mirror symmetry were broken. This would seem to contradict Type
II/heterotic string-duality conjectures, which require that Type II hypermultiplet
interactions receive quantum corrections[17]. However, the non-renormalization
of hypermultiplet interactions is related to a Pecci-Quinn-like symmetry. If this
Pecci-Quinn-like symmetry were non-perturbatively broken by spacetime instan-
tons (which would imply the non-perturbative breaking of mirror symmetry),
hypermultiplet interactions could receive quantum corrections.
In section 6, we summarize our results and discuss possible generalizations
of this work for the superstring in more than four dimensions.
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2. Review of the New Superstring Description
By twisting the ghost sector, any critical N=1 string can be “embedded” in
a critical N=2 string without changing the physical theory[18]. After performing
this embedding for the critical RNS superstring, a field-redefinition allows the
resulting N=2 string to be made manifestly spacetime supersymmetric. This
N=2 description of the superstring is especially elegant for compactifications to
four dimensions, where the critical c = 6 matter sector splits into a c = −3
four-dimensional part and a c = 9 compactification-dependent part[7].
The four-dimensional part of the matter sector contains the spacetime vari-
ables, xm (m = 0 to 3), the left-moving fermionic variables, θα and θ¯
.
α (α,
.
α = 1
to 2), the conjugate left-moving fermionic variables, pα and p¯ .α, and one left-
moving boson ρ (which takes values on a circle of radius 1). For the heterotic GS
superstring, one also has the right-moving fermions, ζq (q = 1 to 32− 2r), which
describe the unbroken gauge degrees of freedom (e.g. the gauge group is E6×E8
when r = 3, and the gauge group is SO(10)×E8 when r = 4). For the Type II
superstring, one needs the right-moving fermionic fields, θˆα,ˆ¯θ
.
α, pˆα, ˆ¯p .α, and one
right-moving boson ρˆ.
The compactification-dependent part of the matter sector is described as in
the RNS formalism by a c = (9, 6+r) N=(2,0) superconformal field theory for the
heterotic superstring, and a c = (9, 9) N=(2,2) superconformal field theory for the
Type II superstring. Note that because of manifest spacetime supersymmetry,
there is no need to perform a GSO projection in either the four-dimensional or
compactification-dependent sector.
2.1. The worldsheet action and N=2 stress-energy tensor
In N=2 superconformal gauge, the worldsheet action for these fields is:
Heterotic :
1
α′
∫
dz+dz−[ 12∂+x
m∂−xm + pα∂+θ
α + p¯ .
α
∂+θ¯
.
α + ζq∂−ζq (2.1)
−α
′
2
∂+ρD−ρ+ SC ]
Type II :
1
α′
∫
dz+dz−[ 12∂+x
m∂−xm + pα∂+θ
α + p¯ .
α
∂+θ¯
.
α − α
′
2
∂+ρD−ρ+ (2.2)
pˆα∂−θˆ
α + ˆ¯p .
α
∂−
ˆ¯θ
.
α − α
′
2
∂−ρˆD+ρˆ+ SC ]
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where SC is the action for the compactification-dependent superconformal field
theory, D−ρ = ∂−ρ + a− and D+ρˆ = ∂+ρˆ + aˆ+ are the worldsheet covariant
derivatives (eρ will carry U(1) charge), and a±, aˆ± are the worldsheet U(1) gauge
fields which in superconformal gauge satisfy a+ = aˆ− = 0. (For the Type II
superstring, we use the U(1)×U(1) form of N=(2,2) supergravity which contains
two independent U(1) gauge fields[19].) Note that the equations of motion for
a− and aˆ+ imply the chirality conditions for ρ and ρˆ. (We are ignoring subtleties
associated with the propagation of a− and aˆ+.)
The free-field OPE’s for these worldsheet variables are
xm(y)xn(z)→ −α′ηmn log |y − z|, ρ(y)ρ(z)→ log(y− − z−), (2.3)
pα(y)θ
β(z)→ α
′δβα
y− − z− , p¯ .α(y)θ¯
.
β(z)→
α′δ
.
β
.
α
y− − z− , ζq(y)ζr(z)→
α′δqr
y+ − z+ ,
pˆα(y)θˆ
β(z)→ α
′δβα
y+ − z+ , ˆ¯p .α(y)
ˆ¯θ
.
β
(z)→
α′δ
.
β
.
α
y+ − z+ , ρˆ(y)ρˆ(z)→ log(y
+ − z+)
where ηmn = (−1, 1, 1, 1). Note that the chiral boson ρ has a timelike signa-
ture and can not be fermionized since eiρ(y) eiρ(z) → e2iρ(z)/(y− − z−) while
eiρ(y) e−iρ(z) → (y− − z−). It has the same behavior as the negative-energy
field φ that appears when bosonizing the RNS ghosts γ = ηeiφ and β = ∂ξe−iφ.
The strange α′ dependence of ρ in (2.1)will later be shown to be related to the
Fradkin-Tseytlin term.
The left-moving c = 6 stress-energy tensor for this N=2 string is:
L = 12∂−x
m∂−xm + pα∂−θ
α + p¯ .
α
∂−θ¯
.
α − α
′
2
∂−ρ∂−ρ + LC , (2.4)
G =
1√
α′
eiρ(d)2 +GC , G¯ =
1√
α′
e−iρ(d¯)2 + G¯C , J = iα
′∂−ρ + JC ,
where
dα = pα + iσ
m
α
.
α
θ¯
.
α∂−xm − 12 (θ¯)2∂−θα +
1
4
θα∂−(θ¯)
2 (2.5)
d¯ .
α
= p¯ .
α
+ iσm
α
.
α
θα∂−xm − 12(θ)2∂−θ¯ .α +
1
4
θ¯ .
α
∂−(θ)
2,
(d)2 means 12 ǫ
αβdαdβ, and [LC , GC , G¯C , JC ] are the left-moving generators of the
c = 9 N=2 compactification-dependent stress-energy tensor. As was shown in ref-
erence [20], dα and d¯ .α satisfy the OPE that dα(y) dβ(z) is regular, d
α(y)d¯
.
α(z)→
7
2iα′σα
.
α
m Π
m
−/(y
− − z−) where Πm± = ∂±xm − iσmα .α(θ
α∂±θ¯
.
α + θ¯
.
α∂±θ
α), and
dα(y)Π
m
− (z)→ −2iα′σmα .α∂−θ¯
.
α/(y− − z−).
For the heterotic superstring, the right-moving c = 26 N=0 stress-energy
tensor is:
Heterotic : Lˆ = 12∂+x
m∂+xm + ζq∂+ζq + LˆC (2.6)
where LˆC is the right-moving c = 6+ r compactification-dependent stress-energy
tensor. For the Type IIB superstring, the right-moving c = 6 N=2 stress-energy
tensor is
TypeIIB : Lˆ = 12∂+x
m∂+xm + pˆα∂+θˆ
α + ˆ¯p .
α
∂+
ˆ¯θ .
α
− α
′
2
∂+ρˆ∂+ρˆ + LˆC , (2.7)
Gˆ =
1√
α′
eiρˆ(dˆ)2 + GˆC ,
ˆ¯G =
1√
α′
e−iρˆ(ˆ¯d)2 + ˆ¯GC , Jˆ = iα
′∂+ρˆ + JˆC ,
where dˆα and
ˆ¯d .
α
are obtained from (2.5)by using hatted variables and replacing
∂− with ∂+. Since the mirror transformation[21] flips the sign of JˆC and switches
G¯C with
ˆ¯GC , the right-moving stress-energy tensor for Type IIA compactifica-
tions is
TypeIIA : Lˆ = 12∂+x
m∂+xm + pˆα∂+θˆ
α + ˆ¯p .
α
∂+
ˆ¯θ .
α
− α
′
2
∂+ρˆ∂+ρˆ + LˆC , (2.8)
Gˆ =
1√
α′
eiρˆ(dˆ)2 + ˆ¯GC ,
ˆ¯G =
1√
α′
e−iρˆ(ˆ¯d)2 + GˆC , Jˆ = iα
′∂+ρˆ − JˆC .
The advantage of working with the variables dα and Π
m is that they commute
with the spacetime supersymmetry generators,
qα =
∫
dz−[pα − iσm
α
.
α
θ¯
.
α∂−xm − 1
4
(θ¯)2∂−θα], (2.9)
q¯ .
α
=
∫
dz−[p¯ .
α
− iσm
α
.
α
θα∂−xm − 1
4
(θ)2∂−θ¯ .α].
qˆα =
∫
dz+[pˆα − iσm
α
.
α
ˆ¯θ
.
α∂+xm − 1
4
(ˆ¯θ)2∂+θˆα],
ˆ¯q .
α
=
∫
dz+[ˆ¯p .
α
− iσm
α
.
α
θˆα∂+xm − 1
4
(θˆ)2∂+
ˆ¯θ .
α
].
When written in terms of the supersymmetric variables, the actions of (2.1)and
(2.2)take the more familiar forms
Heterotic :
1
α′
∫
dz+dz−[ 12Π
m
+Πm− +Π
m
−Tm+ − Πm+Tm− + ζq∂−ζq (2.10)
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+dα∂+θ
α + d¯ .
α
∂+θ¯
.
α − α
′
2
∂+ρD−ρ+ SC ]
Type II :
1
α′
∫
dz+dz−[ 12Π
m
+Πm− +Π
m
− (Tm+ + Tˆm+)−Πm+ (Tm− + Tˆm−) (2.11)
+Tm+ Tˆm− − Tm− Tˆm+
+dα∂+θ
α + d¯ .
α
∂+θ¯
.
α + dˆα∂−θˆ
α + ˆ¯d .
α
∂−
ˆ¯θ
.
α + SC − α
′
2
(∂+ρD−ρ+ ∂−ρˆD+ρˆ)]
where Tm± = σ
α
.
α
m (θα∂±θ¯ .α + θ¯
.
α
∂±θα) and Tˆm± = σ
α
.
α
m (θˆα∂±
ˆ¯θ .
α
+ ˆ¯θ .
α
∂±θˆα). For
the Type II superstring, Πm± = ∂±x
m + iσm
α
.
α
(θ
.
α∂±θ
α + θα∂±θ¯
.
α + θˆ
.
α∂±θˆ
α +
θˆα∂±
ˆ¯θ
.
α) and dα differs from (2.5)by terms which vanish on-shell. If the dα
and ρ contributions are dropped, the actions in (2.10)and (2.11)are the standard
heterotic and Type II Green-Schwarz four-dimensional actions[13].
Although one can formally write an N=2 worldsheet supersymmetric version
of these actions as
S =
∫
dz+dz−
1
α′ det e
[e+−I + e++L+ e−−Lˆ+ ξ+G+ ξ¯+G¯+ a+J (2.12)
(+ξˆ−Gˆ+
ˆ¯ξ−
ˆ¯G+ aˆ−Jˆ)]
where (e±±, ξ±, ξ¯±, a±; ξˆ±,
ˆ¯ξ±, aˆ±) are the worldsheet supergravity fields, the
quantum behavior of the ρ field makes it difficult to make manifest the worldsheet
supersymmetry. Nevertheless, the free-field OPE’s of (2.3)make it straightforward
to check that [L,G, G¯, J ] form a c = 6 N=2 superconformal algebra, thereby im-
plying the quantum N=2 superconformal invariance of (2.12).
Note that for the heterotic superstring, if a spacetime superfield Φ is world-
sheet chiral (i.e. G¯ has no singularities with Φ), it is automatically superspace
chiral (i.e. ∇¯ .
α
Φ = 0 where ∇¯ .
α
= ∂
∂θ¯
.
α
+ iσm
α
.
α
θα∂m) since d¯ .α has no poles with
Φ. Similarly for the the Type II superstring, if a spacetime N=2 superfield Φ
is worldsheet chiral (i.e. G¯ and ˆ¯G have no singularities with Φ) or worldsheet
twisted-chiral (i.e. G¯ and Gˆ have no singularities with Φ), then it is automati-
cally superspace chiral ( i.e., ∇¯ .
α
Φ = ˆ¯∇ .
α
Φ = 0) or superspace twisted-chiral (i.e.
∇¯ .
α
Φ = ∇ˆαΦ = 0). Also note that GˆC goes with Gˆ for Type IIB compactifica-
tions, while ˆ¯GC goes with Gˆ for Type IIA compactifications. So for Type IIB
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(or Type IIA) compactifications, right-moving worldsheet chirality is correlated
(or anti-correlated) with right-moving chirality of the compactification-dependent
c = 9 superconformal field theory.
Scattering amplitudes can be calculated by evaluating correlation functions
of physical vertex operators on N=2 super-Riemann surfaces. All vertex oper-
ators of zero ghost-number are constructed from U(1)-neutral combinations of
the worldsheet matter fields and must carry integer JC charge in order not to
have branch cuts with G. The massless vertex operators are simpler than in the
RNS formalism, and since they play an essential role in the construction of the
two-dimensional sigma model, they will be reviewed in the following sub-section.
2.2. Massless vertex operators
For the heterotic superstring, all massless vertex operators which are inde-
pendent of the compactification are constructed from the real spacetime super-
fields VI(x, θ, θ¯) and Vm(x, θ, θ¯), where VI is the prepotential for super Yang-Mills
(I=1 to d labels the group index) and Vm is the prepotential for N=1 supergravity
plus a tensor multiplet (m = 0 to 3 is a spacetime vector index).
In integrated form, these vertex operators are given by[7]
∫
dz+dz−{G¯, [G, VP ]}OP (2.13)
where OI = jI for the super Yang-Mills vertex operator (jI is the right-moving
current constructed from the ζq’s) and O
m = Πm+ = ∂+x
m + iσm
α
.
α
(θα∂+θ¯
.
α +
θ¯
.
α∂+θ
α) for the supergravity/tensor vertex operator. Note that [G, V ] means the
residue of the single pole in the OPE of G and V (for V on-shell, there are no
double poles).
Up to surface terms, (2.13)is equal to
∫
dz+dz−[d¯
.
α (∇)2∇¯ .
α
− dα ∇α(∇¯)2 + ∂−θ¯
.
α∇¯ .
α
− ∂−θα ∇α (2.14)
− i
2
Πm−σ
α
.
α
m [∇α, ∇¯ .α]]VP (x, θ, θ¯)OP .
Gauge transformations which leave this vertex operator invariant are
δVP = (∇)2ΛP + (∇¯)2Λ¯P + δmP ∂mΩ,
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which can gauge-fix 4d+ 4d component fields in VI and 20+20 component fields
of Vm. In Wess-Zumino gauge, the remaining 4d+ 4d component fields of VI are
described by
VI = AImσ
m
α
.
α
θαθ¯
.
α + ψIαθ
α(θ¯)2 + ψ¯
I
.
α
(θ)2θ¯
.
α +DI(θ)
2(θ¯)2 (2.15)
where AIm are the gluons, ψIα are the gluinos, and DI is the real auxiliary
field. In Wess-Zumino gauge, the remaining 12+12 component fields of Vm are
described by
Vm = (hmn + bmn + lηmn)σ
n
α
.
α
θαθ¯
.
α+ (2.16)
(χmα + ξ¯
.
ασ
mα
.
α
)θα(θ¯)2 + (χ¯
m
.
α
+ ξασ
mα
.
α
)(θ)2θ¯
.
α +Dm(θ)
2(θ¯)2.
From the superspin 3/2 piece of Vm representing conformal supergravity, hmn
is the traceless graviton, Dm is the auxiliary U(1) gauge field, and χmα is the
gravitino (σm
α
.
α
χαm = 0). From the superspin 1/2 piece of Vm representing the
tensor multiplet, bmn is the anti-symmetric tensor, l is the physical scalar, and
ξα is the dilatino.
These vertex operators are on-shell when VP is an N=2 primary field of
weight zero, i.e. (∇)2VP = (∇¯)2VP = ∂m∂mVP = ∂mVm = 0. These imply the
usual equations of motion and polarization conditions on the component fields.
The compactification-dependent massless vertex operators for the heterotic
superstring are constructed from spacetime chiral superfields M (i)(x + iθθ¯, θ)
which couple to worldsheet chiral primaries Ω(i) of the c = (9, 6 + r) N=(2,0)
superconformal field theory representing the compactification manifold ((i) labels
the compactification moduli). Assuming the compactification has no isometries,
the relevant Ω(i)’s have worldsheet U(1) charge +1 and describe either scalars,
vectors, or spinors of SO(16− 2r).
For scalars, Ω(i) has dimension ( 12 , 1) and the vertex operator is
∫
dz+dz−[{G,M (i)Ω(i)}+ {G¯, M¯ (i)Ω¯(i)}] (2.17)
=
∫
dz+dz−[
1√
α′
eiρdα(∇αM (i))Ω(i) +M (i){GC ,Ω(i)}+ c.c.]
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where c.c. means complex conjugate and we are ignoring double poles in the OPE
with G (these double poles vanish on-shell). For vectors, Ω(i) has dimension ( 12 ,
1
2 )
and the vertex operator is
∫
dz+dz−[{G,M (i)q Ω(i)}+ {G¯, M¯ (i)q Ω¯(i)}]ζq (2.18)
=
∫
dz+dz−[
1√
α′
eiρdα(∇αM (i)q )Ω(i) +M (i)q {GC ,Ω(i)}+ c.c.]ζq
where q = 1 to 16 − 2r. For spinors, Ω(i) has dimension ( 12 , r8 ) and the vertex
operator is ∫
dz+dz−[{G,M (i)γ Ω(i)}+ {G¯, M¯ (i)γ Ω¯(i)}]sγ (2.19)
=
∫
dz+dz−[
1√
α′
eiρdα(∇αM (i)γ )Ω(i) +M (i)γ {GC ,Ω(i)}+ c.c.]sγ
where sγ = exp(
∑8−r
q=1
∫ z
ζ2q−1ζ2q) is a dimension
8−r
8 spinor of SO(16 − 2r).
As was shown in reference [22], these SO(16 − 2r) representations combine into
representations of the maximal unbroken subgroup of E8 (e.g. for r = 3, they
combine into representations of E6).
The compactification-dependent vertex operators are on-shell when M (i)
is primary, i.e. (∇)2M (i) = 0. In components, this implies ∂m∂ma(i) =
σm
α
.
α
∂mξ
α(i) = b(i) = 0 where M (i) = a(i)(x+) + θαξ
α(i)(x+) + (θ)2b(i)(x+) and
x+ = x+ iθθ¯. (We will supress SO(16− 2r) indices from now on.)
For the Type II superstring, all compactification-independent massless vertex
operators are constructed from a single real superfield, U(x, θ, θ¯, θˆ, ˆ¯θ)[23]. In
integrated form, these vertex operators are given by[24]
∫
dz+dz−{ ˆ¯G, [Gˆ, {G¯, [G,U ]}]} = (2.20)
∫
dz+dz−(ˆ¯d
.
α (∇ˆ)2 ˆ¯∇ .
α
− dˆα ∇ˆα( ˆ¯∇)2 + ∂−ˆ¯θ
.
α ˆ¯∇ .
α
− ∂−θˆα ∇ˆα − i
2
Πm+σ
α
.
α
m [∇ˆα, ˆ¯∇ .α])
(d¯
.
α (∇)2∇¯ .
α
− dα ∇α(∇¯)2 + ∂−θ¯
.
α∇¯ .
α
− ∂−θα ∇α − i
2
Πm−σ
α
.
α
m [∇α, ∇¯ .α])U
where all of the ∇’s act on U .
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Gauge transformations which leave this vertex operator invariant are
δU = (∇)2Λ+ (∇¯)2Λ¯ + (∇ˆ)2Λˆ + ( ˆ¯∇)2 ˆ¯Λ,
which can gauge-fix 96+96 component fields. In Wess-Zumino gauge, the remain-
ing 32+32 component fields are described by
U = (hmn + bmn + l
+−ηmn)σ
m
α
.
α
σn
β
.
β
θαθ¯
.
αθˆβ ˆ¯θ
.
β (2.21)
+(χˆmβ +
ˆ¯ξ
.
βσ
mβ
.
β
)σm
α
.
α
θαθ¯
.
αθˆβ(ˆ¯θ)2 + (χmα + ξ¯
.
ασ
mα
.
α
)σm
β
.
β
θα(θ¯)2θˆβ ˆ¯θ
.
β + c.c. +
Tmn(σ
mn
αβ θ
α(θ¯)2θˆβ(ˆ¯θ)2 + σ¯mn.
α
.
β
(θ)2θ¯
.
α(θˆ)2ˆ¯θ
.
β)+
(A++m + ∂ml
++)σm
α
.
β
θα(θ¯)2(θˆ)2ˆ¯θ
.
β + (A−−m + ∂ml
−−)σm.
αβ
(θ)2θ¯
.
αθˆβ(ˆ¯θ)2+
yǫαβθ
α(θ¯)2θˆβ(ˆ¯θ)2 + y¯ǫ .
α
.
β
(θ)2θ¯
.
α(θˆ)2ˆ¯θ
.
β+
(AU(1)m + A
+−
m )σ
m
α
.
α
θαθ¯
.
α(θˆ)2(ˆ¯θ)2 + (AU(1)m −A+−m )σm
β
.
β
(θ)2(θ¯)2θˆβ ˆ¯θ
.
β+
ψαθ
α(θ¯)2(θˆ)2(ˆ¯θ)2 + ψˆβ(θ)
2(θ¯)2θˆβ(ˆ¯θ)2 + c.c. +
D(θ)2(θ¯)2(θˆ)2(ˆ¯θ)2.
From the superspin 1 piece of U representing the conformal supergravity multi-
plet, hmn is the traceless graviton, χmα and χˆmβ are the gravitinos, A
U(1)
m is the
U(1) gauge field, Ajkm are the three SU(2) gauge fields, Tmn is the auxiliary tensor,
ψα and ψˆβ are the auxiliary fermions, and D is the auxiliary scalar. From the
superspin 0 piece of U representing the tensor multiplet, ljk is the SU(2) triplet,
bmn is the anti-symmetric tensor, ξ
α and ξˆβ are the dilatinos, and y is a complex
auxiliary scalar.
This vertex operator is physical when U satisfies the N=2 primary conditions
(∇)2U = (∇¯)2U = (∇ˆ)2U = ( ˆ¯∇)2U = ∂m∂mU = 0, which imply the usual
equations of motion and polarization conditions for the component fields.
The compactification-dependent massless vertex operators for the Type II su-
perstring are constructed from spacetime chiral superfieldsM
(i)
c (x+iθθ¯+iθˆ
ˆ¯θ, θ, θˆ)
and spacetime twisted-chiral superfields M
(i)
tc (x+ iθθ¯− iθˆˆ¯θ, θ, ˆ¯θ), which couple to
the h2,1 worldsheet chiral primaries Ω
(i)
c and the h1,1 worldsheet twisted-chiral
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primaries Ω
(i)
tc of the c = (9, 9) N=(2,2) superconformal field theory representing
the compactification manifold (h2,1 counts the number of complex moduli and
h1,1 counts the number of Ka¨hler moduli). The Ω
(i)
c ’s have U(1)×U(1) charge
(+1,+1) and dimension ( 12 ,
1
2 ), while the Ω
(i)
tc ’s have U(1)×U(1) charge (+1,−1)
and dimension ( 12 ,
1
2).
For Type IIB compactifications, the vertex operators are∫
dz+dz−({Gˆ, [G,M (i)c Ω(i)c ]}+ { ˆ¯G, [G¯, M¯ (i)c Ω¯(i)c ]}) (2.22)
=
∫
dz+dz−[(
1√
α′
eiρˆdˆα∇ˆα + GˆC)( 1√
α′
eiρdα∇α +GC)M (i)c Ω(i)c + c.c.],
∫
dz+dz−({ ˆ¯G, [G,M (i)tc Ω(i)tc ]}+ {Gˆ, [G¯, M¯ (i)tc Ω¯(i)tc ]}) (2.23)
=
∫
dz+dz−[(
1√
α′
e−iρˆˆ¯d
.
α ˆ¯∇ .
α
+ ˆ¯GC)(
1√
α′
eiρdα∇α +GC)M (i)tc Ω(i)tc + c.c.]
where ∇’s act only onM (i)’s and GC ’s act only on Ω(i)’s. For Type IIA compact-
ifications, Ω
(i)
c is switched with Ω
(i)
tc and GˆC is switched with
ˆ¯GC in the above
vertex operators.
These vertex operators are physical when M
(i)
c and M
(i)
tc satisfy the N=2
primary conditions (∇)2M (i)c = (∇ˆ)2M (i)c = 0 and (∇)2M (i)tc = ( ˆ¯∇)2M (i)tc = 0.
For constructing superspace actions, it will be useful to separate these conditions
into ”reality constraints” (which are satisfied off-shell) and equations of motion
(which are only satisfied on-shell). The reality constraint for M
(i)
c is (∇)2M (i)c =
( ˆ¯∇)2M¯ (i)c , which implies the 8+8 component expansion of a vector multiplet field
strength:
M (i)c = w
(i) + θαξ(i)α + θˆ
β ξˆ
(i)
β + (θ)
2D
(i)
++ + θ
αθˆβǫαβD
(i)
+− + (θˆ)
2D
(i)
−− + θ
αθˆβF
(i)
αβ
+σm
α
.
α
θα(θˆ)2∂mξ¯
.
α(i) + σm
β
.
β
θˆβ(θ)2∂m
ˆ¯ξ
.
β(i) + (θ)2(θˆ)2∂m∂
mw¯(i) (2.24)
where D
(i)
jk is an auxiliary isotriplet, w
(i) is a complex scalar, F
(i)
αβ is a U(1) vector
field strength (σα
.
α
m ∂
mF
(i)
αβ = σ
m
β
.
β
∂mF
.
α
.
β(i)), and ξ
(i)
α , ξˆ
(i)
β are SU(2) spinors.
The reality constraint for M
(i)
tc is (∇)2M (i)tc = (∇ˆ)2M¯ (i)tc , which implies the
8 + 8 component expansion of a tensor hypermultiplet field strength:
M
(i)
tc = l
(i)
+++θ
αχ(i)α +
ˆ¯θ
.
β ˆ¯χ
(i)
.
β
+(θ)2y(i)+(ˆ¯θ)2y¯(i)+σm
α
.
β
θαˆ¯θ
.
β(∂ml
(i)
+−+ǫmnpqH
npq(i)) (2.25)
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+σm
α
.
α
θα(ˆ¯θ)2∂mχ¯
.
α(i) + σm
β
.
β
ˆ¯θ
.
β(θ)2∂mχˆ
β(i) + (θ)2(ˆ¯θ)2∂m∂
ml
(i)
−−
where l
(i)
jk is a scalar isotriplet, y
(i) is a complex auxiliary scalar, H
(i)
mnp is a tensor
field strength (∂mH
(i)
mnp = 0), and χ
(i)
α , χˆ
(i)
β are SU(2) spinors.
The remaining primary conditions, (∇)2M (i)c = −( ˆ¯∇)2M¯ (i)c and (∇)2M (i)tc =
−(∇ˆ)2M¯ (i)tc , imply the usual polarization conditions and equations of motion for
these component fields.
3. Superspace Description of the Massless Spectrum
From the previous section, we have seen that massless vertex operators which
are independent of the compactification are constructed from superspace prepo-
tentials. For the heterotic superstring, the N=1 supergravity and tensor multi-
plets are described by the superspin 32 and
1
2 parts of a real prepotential Vm, and
the super-Yang-Mills multiplet is described by a real prepotential VI . For the
Type II superstring, the N=2 supergravity and tensor multiplets are described
by the superspin 1 and 0 parts of a real prepotential U .
3.1. Gauge fields and field strengths
Although prepotentials are the most compact superspace representations for
these multiplets, they are inconvenient for constructing super-reparameterization
invariant quantities. In the sigma model and effective action, it will be more con-
venient to represent these multiplets with the vielbein EA
M , the anti-symmetric
tensor BMN , and the super-Yang-Mills potentials A
I
M , where A labels tangent-
superspace indices and M labels curved-superspace indices. For the heterotic
superstring, A = (a, α,
.
α) and M = (m,µ,
.
µ), while for the Type II superstring,
A = (a, αj,
.
αj) and M = (m,µj,
.
µj) where j = ± are SU(2)-indices which can be
raised and lowered using the ǫjk tensor. Comparing with the notation from the
previous section,
θα+ = θα, θα− = θˆα, θ¯
.
α+ = ˆ¯θ
.
α, θ¯
.
α− = −θ¯
.
α. (3.1)
Note that the complex conjugate of EM
αj is ǫjkEM
.
αk.
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The field strengths of these superspace gauge fields are obtained from the
graded commutators
[∇A,∇B) = TABC∇C +RABCDMDC + F IABTI + fJABYJ , HMNP = ∇[MBNP ), (3.2)
where
∇A = EAM∂M + AIATI + wABCMCB + ΓJAYJ (3.3)
is the covariant derivative, wAB
C is the spin connection, ΓJA are the U(N) connec-
tions (N=1 for heterotic and N=2 for Type II), MD
C are the Lorentz generators,
TI are the Yang-Mills group generators, YJ are the U(N) group generators, TAB
C
is the torsion, RABC
D is the supercurvature, F IAB is the super Yang-Mills field
strength, fJAB is the U(N) field strength, and HMNP is the tensor field strength.
As in ordinary gravity, the connections wAB
C and ΓJA are not independent su-
perfields and are related to EA
M by torsion constraints.
However, since EA
M , BMN , and AM contain more component fields than the
prepotentials, one needs to impose further torsion constraints to remove the ad-
ditional degrees of freedom. These constraints will also be needed for worldsheet
supersymmetry of the sigma model and are given explicitly as constraints 1) and
2) in equations (4.3) and (4.4). After imposing them, the above field strengths
can be expressed in terms of the reduced field strengths of the following tables:
Heterotic multiplet tensor vector supergravity
prepotentials Ξα VI Vm
potentials BMN A
I
M EA
M
unreduced field strengths HABC F
I
AB TAB
C , RABC
D, fAB
reduced field strengths L W Iα R,Ga,Wαβγ
where the N=1 reduced field strengths are defined by
H
α
.
βc
= σ
cα
.
β
L, F I.
αa
= σ
aα
.
α
W Iα, (3.4)
Tαa
.
α = σaα
.
αR, T .
αa
.
α = Ga, R .αa
βγ = σ
aα
.
α
Wαβγ .
Type II multiplet tensor vector supergravity
prepotentials Ξ V jk U
potentials BMN AM EA
M
unreduced field strengths HABC FAB TAB
C , RABC
D, f jkAB
reduced field strengths Ljk W S
jk, Gjka , Nαβ,Wαβ
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where the N=2 reduced field strengths are defined by
H
αj
.
αk a
= σ
aα
.
α
Ljk, F .
αj
.
βk
= Wǫ .
α
.
β
ǫjk, (3.5)
Taβj
.
γk = iδkj (σaβ
.
α
W¯
.
α
.
γ + σα
.
γ
a Nαβ) + iσaβ
.
γSkj , Taβj
γk = −2iσγ
.
β
a G
k
jcσ
c
β
.
β
.
Note that we have not discussed the chiral prepotential Ξ for N=1 and N=2
tensor multiplets. (Vm or U can only be used as the tensor prepotential in certain
gauges.) The N=2 vector multiplet will appear when we discuss compensators
and compactification-dependent states.
Bianchi identities imply various conditions on the above reduced field
strengths. For example, for the heterotic superstring, L is a real N=1 linear
superfield and W Iα is an N=1 chiral superfield satisfying
((∇)2 + R¯)L = ((∇¯)2 +R)L = 0, ∇¯ .
α
W Iβ = ∇αW¯ I.
β
= ∇αW Iα − ∇¯
.
αW¯ I.
α
= 0. (3.6)
For the Type II superstring, Bianchi identities imply that Ljk is a real N=2 linear
superfield and W is an N=2 chiral superfield satisfying
∇α(jLkl) = ∇¯ .α(jLkl) = 0, ∇¯ .αjW = ∇αjW¯ = ∇αj∇αkW − ∇¯
.
αj∇¯ .
αk
W¯ = 0. (3.7)
Note that ∇α+ = ∇α, ∇¯ .α+ = ˆ¯∇ .α, ∇α− = ∇ˆα, ∇¯ .α− = −∇¯ .α, so L−− satisfies
the twisted-chirality condition ∇¯ .
α
L−− = ∇ˆαL−− = 0. Implications of Bianchi
identities for the reduced N=1 and N=2 supergravity field strengths can be found
in references [25] and [26].
3.2. Compensators
For constructing superspace actions, it is useful to introduce compensator
superfields which make the formalism invariant under spacetime scale, U(1), and
for Type II compactifications, SU(2) transformations. Because of the form of
the torsion constraints, it is easy to generalize a flat superspace action to curved
superspace if the action contains these invariances. If the original action does
not contain these invariances, one adds an appropriate power of the compensator
superfield so that the trasformation of the integrand of the original action cancels
against the transformation of the compensator superfield. This makes it possible
to generalize arbitrary flat superspace actions to curved superspace. Of course,
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the scale, U(1), and SU(2) invariances are not physical symmetries (unless they
were already present in the original action), and can be removed by gauge-fixing
the compensators to a constant.
Although it is not widely appreciated, the bosonic string also makes use of a
conformal compensator field, ϕ, which couples to worldsheet curvature and will
be called the dilaton[11]. Recall that the physical massless vertex operator of the
bosonic string is
∫
dz+dz−(gmn + bmn)∂+x
m∂−x
n, and gmn splits at linearized
level into a traceless piece hmn = gmn − 1Dηmnηpqgpq representing conformal
supergravity, and a physical scalar l = ηmngmn which will not be called the
dilaton. The vertex operator for the dilaton, on the other hand, is constructed
from worldsheet ghosts which, when integrated out, give coupling to worldsheet
curvature.
The usual version of the low-energy effective action for the bosonic string is
−
∫
dDxΦ(4 +R +
1
12
HabcHabc)Φ. (3.8)
(The relative coefficients of these terms can be determined by T-duality which
transforms gmn into bmn. In the supersymmetric cases, they are already fixed by
supersymmetry[12].) Here Φ is related to the more common form of the dilaton
field used in string theory by
Φ = (−g)1/4e−ϕ (3.9)
(The fact that this is the T-duality invariant combination follows from the fact
that Φ must soak up the
√−g measure, since √−g is not T-duality invariant.) At
this point we have not yet seperated out the trace of gmn; this we now perform
with full nonlinearity by the Weyl rescaling
gmn → l2gmn (3.10)
(We do not scale Φ, and leave Φ-dependence out of the metric rescaling, so that
Φ stays out of T-duality transformations[12].) The result is
S = −
∫
dDx {Φ2l2R + (D − 1)Φ2(∇l)2 (3.11)
− [Φ−1∇(Φ2l)]2 + 1
12
Φ2l6HabcHabc}.
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In general relativity one normally breaks the scale invariance introduced by this
rescaling by gauge-fixing Φ = (−g)1/4 (ϕ = 0), or in this case the slightly modified
gauge Φ = (−g)1/4l−1, which produces an action with the standard form for the
Einstein term, and the right sign for the scalar term:
−
∫
dDx
√−g[R+ 1
12
l4H2 + (D − 2)(∇ ln l)2]. (3.12)
However, one can also break scale invariance by choosing the “string gauge” l = 1,
which returns us to the form of the string effective action before Weyl rescaling.
Although Φ naively appears to be a physical scalar in this string gauge, it is
easily identified as a compensating scalar by its “wrong-sign” kinetic term. On
the other hand, the physical scalar with a “right-sign” kinetic term has turned in
string gauge into the determinant of the metric.
For N=1 and N=2 supergravity, there are various possible types of confor-
mal compensators[25][27]. However, as will be shown in the following section,
worldsheet supersymmetry of the Fradkin-Tseytlin term uniquely determines the
correct type. (As discussed in [12], the correct compensator can also be deter-
mined by requiring that the closed superstring dilaton state factorizes into the
product of open superstring ghost states.)
For the heterotic superstring, the conformal compensator is required to be a
superspace chiral and anti-chiral superfield, Φ and Φ¯, satisfying ∇¯ .
α
Φ = ∇αΦ¯ = 0.
Using the U(1) connection ΓA and U(1) generator Y , superspace actions can be
made conformally and U(1) invariant by introducing appropriate powers of Φ
and Φ¯. Φ will be defined to have U(1) weight 12 (i.e. [Y,Φ] =
1
2Φ and [Y, Φ¯] =
−12 Φ¯), so by superspace rules, it must have conformal weight 32 . (To transform
consistently under superconformal transformations, the conformal weight of a
chiral superfield must be (4−N)/N times its U(1) weight where N is the number
of 4D supersymmetries.[25]) Note that the usual choice of U(1) weight for the
chiral compensator is 13 , so we are defining Φ to be the usual chiral compensator
raised to the 3/2 power. (We are keeping the convention that Eα
M has conformal
and U(1) weight 12 .)
For the Type II superstring, worldsheet supersymmetry of the Fradkin-
Tseytlin term requires two different compensators. One type is described by su-
perspace chiral and anti-chiral superfields, Φc and Φ¯c, satisfying ∇¯ .αΦc = ˆ¯∇ .αΦc =
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∇αΦ¯c = ∇ˆαΦ¯c = 0. After imposing the reality condition (∇)2Φc = ( ˆ¯∇)2Φ¯c, Φc
and Φ¯c can be identified with W
(0) and W¯ (0) where W (0) is the chiral field
strength of a vector multiplet which satisfies equation (3.7). (This reality con-
dition is not required by worldsheet supersymmetry of the sigma model, but is
necessary for constructing superspace effective actions.)
The other Type II compensator is described by superspace twisted-chiral
and twisted-anti-chiral superfields, Φtc and Φ¯tc, satisfying ∇¯ .αΦtc = ∇ˆαΦtc =
∇αΦ¯tc = ˆ¯∇ .αΦ¯tc = 0. Although the twisted-chirality condition on Φtc does not
look SU(2)-covariant, it can be made covariant by identifying Φtc and Φ¯tc with
L
(0)
−− and L
(0)
++ where L
(0)
jk is the linear field strength of a tensor hypermultiplet
satisfying equation (3.7). Equation (3.7)also implies that Φtc satisfies the reality
condition (∇)2Φtc = (∇ˆ)2Φ¯tc.
To write U(1)× SU(2) invariant superspace actions, one introduces U(1)×
SU(2) connections ΓjkA , U(1)×SU(2) generators Yjk, and appropriate powers of
W (0) and L
(0)
jk . Gauge invariance implies that the component field strength for
the U(1) vector must carry conformal weight +2 and that the component field
strength for the antisymmetric tensor must carry conformal weight +3. Since
these field strengths sit in the the (θ)2 components ofW (0) and L
(0)
jk (see equations
(2.24)and (2.25)for component expansions),W (0) must carry conformal weight +1
and L
(0)
jk must carry conformal weight +2. Note that W
(0) carries U(1) weight
+1 and is an SU(2) singlet, while L
(0)
jk carries U(1) weight zero and is an SU(2)
triplet.
3.3. Compactification-dependent states
Finally, we shall give the superfield description of the compactification de-
pendent massless states, whose vertex operators are explicitly described in section
2. Since these moduli superfields describe deformations of the compactification
manifold, we shall assume throughout this paper that the values of these moduli
are small enough so that the massless spectrum is not modified.
For the heterotic superstring, these states couple to worldsheet chiral primary
fields of the compactification-dependent c = 9 N=(2,0) superconformal field the-
ory. (We shall assume throughout this paper that the compactification manifold
has no isometries, so all moduli are described by spacetime scalars.) As shown
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in section 2, worldsheet and superspace chirality are correlated in the new de-
scription of the superstring, so the massless states coming from compactification
moduli are described by spacetime chiral and anti-chiral superfields, M (i) and
M¯ (i), satisfying ∇¯ .
α
M (i) = ∇αM¯ (i) = 0. ((i) labels the compactification mod-
uli, and we are suppressing possible Yang-Mills group indices.) These moduli
superfields will be defined to carry zero conformal and U(1) weight.
For the Type II superstring, compactification-dependent massless states cou-
ple to the h2,1 worldsheet chiral and h1,1 worldsheet twisted-chiral primary fields
of the c = 9 N=(2,2) superconformal field theory. (h2,1 and h1,1 count the num-
ber of complex and Ka¨hler moduli of the compactification manifold.) As shown
in section 2, left-moving compactification and superspace chirality are correlated
in the new superstring description, while right-moving compactification and su-
perspace chirality are correlated (or anti-correlated) for Type IIB (or Type IIA)
compactifications. Therefore, for Type IIB (or Type IIA) compactifications, the
corresponding massless states are described by h2,1 (or h1,1) spacetime chiral and
anti-chiral superfields, M
(i)
c and M¯
(i)
c , and by h1,1 (or h2,1) spacetime twisted-
chiral and twisted-anti-chiral superfields, M
(i)
tc and M¯
(i)
tc .
As was true for the Type II compensator superfields, it will be useful to
impose a reality condition on these moduli superfields in order to construct su-
perspace actions. Although one could use the same reality condition as for the
compensators, this would force the moduli superfields to carry non-zero U(1)
weight. A more convenient choice is to define M
(i)
c and M
(i)
tc such that
M (i)c = log(W
(i)/W (0)), M
(i)
tc = log(L
(i)
−−/L
(0)
−−) (3.13)
where W (i) and L
(i)
jk satisfy the conditions of equation (3.7)for vector and tensor
field strengths. Although this means thatM
(i)
c andM
(i)
tc satisfy the non-standard
reality conditions, (∇)2(eM(i)c W (0)) = ( ˆ¯∇)2(eM¯(i)c W¯ (0)) and (∇)2(eM(i)tc L(0)++) =
(∇ˆ)2(eM¯(i)tc L(0)−−), it allowsM (i)c andM (i)tc to have zero conformal and U(1) weight.
4. Sigma Models
Because we know the action in a flat background and the massless vertex
operators from section 2, it is straightforward to construct a two-dimensional
sigma model for the superstring in a curved background. This sigma model should
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be spacetime super-reparameterization and gauge invariant, and at linearized
level, its interactions should reproduce the massless vertex operators.
When the spacetime superfields satisfy their equations of motion, the sigma
model action is expected to be N=2 superconformally invariant at the quantum
level, i.e., the components of the N=2 stress-energy tensor form a c = 6 N=2 su-
perconformal algebra. These superspace equations of motion are currently being
computed for the heterotic superstring by de Boer and Skenderis, which will be
the first covariant β-function computation in a fermionic background.
4.1. The classical term
The two-dimensional sigma model is constructed from the spacetime super-
fields of section 3 and splits into a classically worldsheet N=2 superconformally
invariant term and a Fradkin-Tseytlin term. Using the action in a flat background
and the vertex operators of section 2, it is easy to guess the classically worldsheet
superconformally invariant term:
Heterotic :
1
α′
∫
dz+dz−[ 12Π
a
+Πa− +BABΠ
A
+Π
B
− + ζq∂−ζq (4.1)
+(AIBΠ
B
− +W
I
αd
α − W¯ I.
α
d¯
.
α)jI + dαΠ
α
+ + d¯ .αΠ
.
α
+ + SC + {G,M (i)Ω(i)}+ {G¯, M¯ (i)Ω¯(i)}]
TypeIIB :
1
α′
∫
dz+dz−[ 12Π
a
+Πa− +BABΠ
A
+Π
B
− (4.2)
+dαΠ
α+
+ − d¯ .αΠ
.
α−
+ + dˆαΠ
α−
− +
ˆ¯d .
α
Π
.
α+
− +
dαP
αβ dˆβ + d¯ .αP¯
.
α
.
β ˆ¯d .
β
+ dαQ
α
.
β ˆ¯d .
β
+ d¯ .
α
Q¯
.
αβ dˆβ
+SC + {G, [Gˆ,M (i)c Ω(i)c ]}+ {G¯, [ ˆ¯G, M¯ (i)c Ω¯(i)c ]}
+{G, [ ˆ¯G,M (i)tc Ω(i)tc ]}+ {G¯, [Gˆ, M¯ (i)tc Ω¯(i)tc ]}]
where ΠA± = EM
A ∂±Z
M , ZM =(xm, θµ, θ¯
.
µ) for heterotic, and ZM=(xm,θµ,
θ¯
.
µ,θˆµ,ˆ¯θ
.
µ) for Type II. In a flat background (i.e., Em
a = δam, Eµ
a = σa
µ
.
µ
θ¯
.
µ, Bαa =
σ
aα
.
α
θ¯
.
α for heterotic; Em
a = δam, Eµj
a = σa
µ
.
µ
θ¯
.
µ
j , Bαja = σaα
.
α
θ¯
.
α
j , Bα+β− = θαθˆβ,
B
α+
.
β+
= θα
ˆ¯θ .
β
for Type II), it is easy to show that this action reproduces (2.1)and
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(2.2). Note that we are omitting the kinetic term for ρ since it is zeroth order in
α′, and therefore goes with the Fradkin-Tseytlin term.
For the Type IIB sigma model, M
(i)
c and M
(i)
tc are the chiral and twisted-
chiral moduli superfields defined in section 3. Although the reality constraints
on M
(i)
c and M
(i)
tc are not implied by classical worldsheet superconformal invari-
ance, these constraints (or a suitable modification) are expected to be implied by
quantum superconformal invariance. Pαβ and Qα
.
β are chiral and twisted-chiral
field strengths of N=2 conformal supergravity. From the dαdˆα and dαˆ¯d
.
α terms
in the supergravity vertex operator of (2.21), one sees that at linearized level,
Pαβ = (∇¯)2∇α( ˆ¯∇)2∇ˆβU and Qα
.
β = (∇¯)2∇α(∇ˆ)2 ˆ¯∇
.
βU . Note that the Type IIA
sigma model action is obtained from the Type IIB action by switching Ω
(i)
c with
Ω
(i)
tc and GˆC with
ˆ¯GC .
Up to field redefinitions (e.g. EA
M → EAM + fBAEBM or dα → dα +
gαAΠ
A
±), this is the most general sigma model action which is invariant under
spacetime super-reparameterizations, under the gauge transformations (δAIB =
∇BΛI , δW Iα = f IJKΛJWKα , δjI = fKIJΛJjK) and (δBAB = ∇AΛB −∇BΛA), and
under classical N=2 worldsheet superconformal transformations.
Classical worldsheet superconformal transformations are defined by taking
the Poisson bracket with the N=2 stress-energy tensor. (Unfortunately, the
quantum nature of ρ is an obstacle to making N=2 worldsheet supersymmetry
manifest.) For example, from the Poisson bracket with G, δZM = eiρdαEα
M ,
δd¯
.
α = eiρΠα
.
α
− dα, and δΠ
A
± = e
iρdαTαB
AΠB±+δ
A
α ∂±(e
iρdα) where TAB
C is the tor-
sion defined in equation (3.2). Under these transformations, (4.1)and (4.2)should
be invariant up to terms proportional to the N=2 stress-energy tensor. (Terms
proportional to the stress-energy tensor can be absorbed by transforming the
worldsheet supergravity fields. We would like to thank Peter van Nieuwenhuizen
for suggesting this method.) It is straightforward to check that classical invari-
ance implies that EM
A, BAB, and AM satisfy the following constraints on their
field strengths:
Heterotic : 1) Tαβ
c = Tαβ
.
γ = 0, F Iαβ = 0; (4.3)
2) T
α
.
β
c = σc
α
.
β
, Tα(bc) = 0, F
I
α
.
β
= 0
3) Tαc
.
β = 0, H
α
.
βc
= σ
cα
.
β
.
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TypeII : 1) Tαjβk
c = Tαjβk
.
γ = 0; (4.4)
2) T
αj
.
βk
c = ǫjkσ
c
α
.
β
, Tαj(bc) = 0, F
I
α
.
β
= 0;
3) Tα+ c
.
β+ = σ
cα
.
α
P¯
.
α
.
β , Tα− c
.
β− = σ
cα
.
α
P¯
.
β
.
α, Tα+ c
.
β− = Tα− c
.
β+ = 0,
Tα+ c
β− = σ
cα
.
α
Q¯
.
αβ , Tα− c
β+ = σ
cα
.
α
Qβ
.
α, H
cαj
.
βk
= σ
cα
.
β
δjk.
The first type of constraints are the usual representation preserving con-
straints which allow a consistent definition of chiral (and twisted-chiral) super-
fields. The second type are conventional constraints which define the vector com-
ponents of the super-vierbein and super Yang-Mills gauge field, Ea
M and AIa,
in terms of the spinor components. Note that conventional constraints for the
connections wAB
C , ΓA, and Γ
jk
A can be defined arbitrarily since these superfields
never appear in the sigma model action.
The third type of constraints are conformal-breaking constraints, which are
necessary since the sigma model action is not invariant under the spacetime scale
transformations that transform δEa
M = ΛEa
M . In their absence for the heterotic
superstring, Tαc
.
β and H
α
.
βc
would satisfy the equations Tαc
.
β = Rσ
.
β
cα and H
α
.
βc
=
Lσ
cα
.
β
from equation (3.4). So these constraints break conformal invariance for
the heterotic sigma model by gauge-fixing L = 1 (which implies R = 0 by the
linear condition ((∇¯)2 +R)L = 0).
In the absence of conformal-breaking constraints for the Type II sigma model,
Taβj
.
γk, Taβj
γk, and H
cαj
.
βk
would satisfy the conditions of equation (3.5)[26].
Therefore conformal and SU(2)/U(1) invariance is broken in the Type II sigma
model by gauge-fixing Ljk = δjk (which as will be shown in the following para-
graphs, implies Nαβ = Gajkδ
jk = S++ = S−− = 0). The conformal-breaking
constraint also implies that Pαβ =Wαβ + ǫαβS+− and that Qα
.
β = Gα
.
β
++.
In the tensor calculus approach to constructing actions for N=2 supergravity
coupled to matter[27], a “minimal multiplet” is employed as a starting point,
consisting of conformal supergravity coupled to a vector multiplet, in the scale
(+U(1)) gauge W (0) = 1. Since for string theory it is more useful to apply the
string gauge Ljk = δjk, it is instructive to compare the field content of the two
gauges. As for N=1[25], both gauges imply the vanishing of some of the torsions
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arising from the superconformal covariant derivatives. From (3.5), the dimension
1 torsions are originally Wαβ , S(jk), Nαβ, and Gj
k
a (hermitian).
The basic procedure is: (1) Fix one of the two superfields W (0) or Ljk.
(Although one could also fix the tensor compensator L
(0)
jk , this would give the same
field content as fixing the non-compensator Ljk.) That breaks scale invariance
(and more), but it doesn’t introduce a dimension 0 scalar or dimension 12 spinor
(which come from fixing the second compensator), so you get no new tensors.
(2) Since scale invariance is fixed, the torsions are now tensors. (Before, they
were noncovariant under scale transformations.) Thus, at θ = 0 they correspond
to gauge invariant component fields. By a component analysis, we know what
the component fields are, so match them up. The superspace is determined
by looking at dimension 1 tensors, and there is no lower dimension stuff, so a
linearized analysis is sufficient.
These are the relevant component fields: (1) From conformal supergravity,
there is the auxiliary field Wαβ , so that torsion will always survive. There are
also the U(2) gauge fields Gj
k
a, which will become gauge invariant only if they
find scalars to eat. (2) A vector multiplet has a gauge vector, with the dimension
1 field strength Fαβ, as well as the hermitian auxiliary fields D(jk). It also has
a complex physical scalar of dimension 0, whose real part is eaten by the con-
formal graviton, and whose imaginary part is eaten by the U(1) gauge vector.
(3) A tensor multiplet has a dimension 1 field strength Ha, and a complex scalar
auxiliary field. It also has the hermitian physical fields L(jk) of dimension 0, of
which one is eaten by the graviton, the remaining two by the SU(2)/U(1) gauge
vectors. (These dimensions differ from the original conformal weights, since scale
invariance will be broken.)
The net result is then, from the original torsionsWαβ, S(jk), Nαβ, and Gj
k
a:
(1) For the standard gaugeW (0) = 1,Wαβ survives as the conformal supergravity
auxiliary, while Nαβ = Fαβ . S(jk) becomes hermitian, identified as the vector
multiplet auxiliaries. The U(1) part of Gj
k
a survives, as the U(1) gauge field
that ate the imaginary part of the vector multiplet scalar, but the SU(2) part
does not, since it remains gauge. The net result is
W (0) = 1 ⇒ Sjk = S¯jk, G(jk)a = 0. (4.5)
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(2) For the string gauge Ljk = δjk, Wαβ again survives, but there is no field
to correspond to Nαβ . Since the tensor multiplet has only a complex scalar for
auxiliaries, with vanishing weight under the unbroken U(1) subgroup of SU(2),
it becomes S+− (still complex), while S++ and S−− vanish. The tensor field
strength Ha replaces the U(1) gauge field in the U(1) part of Gj
k
a (as in the
analogous N=1 case), while G++a and G−−a survive as the SU(2)/U(1) gauge
vectors by eating the corresponding physical scalars of the tensor multiplet. But
δjkGjka dies for lack of a scalar to eat. The net result for this case is then
Ljk = δjk ⇒ S++ = S−− = Nαβ = δjkGjka = 0. (4.6)
Actually, the third set of constraints for the heterotic superstring is slightly
inconvenient. Because of anomalous transformations of the anti-symmetric tensor
field, the linear superfield L is not invariant under Yang-Mills and Lorentz gauge
transformations. The appropriate gauge-invariant generalization of L is
L˜ = L+ α′(c1ΩYM + c2ΩLorentz) (4.7)
where ΩYM is the super Yang-Mills Chern-Simons form satisfying ((∇¯)2 +
R)ΩYM = W
I
αW
Iα, ΩLorentz is the super Yang-Mills Chern-Simons form satisfy-
ing ((∇¯)2 +R)ΩLorentz =WαβγWαβγ, c1 and c2 are compactification-dependent
constants, and Wαβγ is the chiral field strength of conformal supergravity.
Since L = 1 breaks Yang-Mills and Lorentz invariance, it is more convenient
to choose the gauge L˜ = 1, which implies R = c1W
I
αW
Iα + c2WαβγW
αβγ from
the linear condition on L. Therefore, in order to preserve manifest Yang-Mills
and Lorentz invariance, the third type of constraints in (4.3)should be modified
for the heterotic superstring to
3) Tαc
.
β = α′σ
.
β
cα(c1W
I
γW
Iγ + c2WγδκW
γδκ), H˜
α
.
βc
= σ
cα
.
β
(4.8)
where
H˜MNP = HMNP (4.9)
+α′Tr(c1(A[M∂NAP ) +
2
3
A[MANAP )) + +c2(w[M∂NwP ) +
2
3
w[MwNwP )))
includes the contribution of the Chern-Simons forms (AIM is the Yang-Mills gauge
field and wMB
C is the Lorentz spin connection).
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Because these modifications to the heterotic torsion constraints are higher-
order in α′, they can not be checked using classical worldsheet superconformal in-
variance. To justify them, one should check that with these modified constraints,
quantum N=(2,0) superconformal invariance implies equations of motion which
are invariant under Yang-Mills and Lorentz gauge transformations. Note that,
with the exception of the representation-preserving constraints, modifications to
the torsion constraints can always be absorbed by compensating transformations
on the spacetime superfields. So any α′ corrections to the non-representation-
preserving constraints can be replaced by α′ corrections to the relations between
spacetime superfields in the sigma model action. This is similar to the situation
in standard N=2 worldsheet supersymmetric sigma models, where worldsheet
supersymmetry implies certain relations between coupling constants, but these
relations may receive quantum corrections.
4.2. The Fradkin-Tseytlin term
So the classical term in the sigma model action is (4.1)or (4.2)with the con-
straints of (4.3)(and (4.8)) or (4.4), and one now needs to construct a Fradkin-
Tseytlin term. As usual, this term is necessary because the massless vertex oper-
ator for the physical scalar,
∫
dz+dz−∂−x
m∂+xm, couples to the determinant of
the spacetime vierbein in the sigma model. So instead of coupling to this massless
vertex operator, the spacetime dilaton couples to the N=2 supercurvature in a
Fradkin-Tseytlin term.
It is often incorrectly stated that the dilaton must sit in the same super-
symmetry multiplet as the anti-symmetric tensor, which leads to the erroneous
conclusion that the dilaton must couple classically. When spacetime scale in-
variance is used to gauge-fix the non-compensator tensor multiplet (instead of
the more conventional gauge-fixing of the conformal compensator), the physical
anti-symmetric tensor sits in the multiplet of Poincare´ supergravity. Although
this version of Poincare´ supergravity does contain a scalar field, the scalar plays
the role of the determinant of the vierbein, rather than the role of the dilaton. So
the dilaton must sit in the only remaining superfield, which is the conformal com-
pensator Φ = e−φ. (Note that φ = − logΦ, rather than Φ, will appear directly
in the sigma model.)
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For the heterotic superstring, the logarithm of the conformal compensator
couples to N=(2,0) worldsheet supercurvature, which is described by a worldsheet
chiral superfield Σ and its complex conjugate Σ¯. These worldsheet superfields are
defined by [D¯κ¯, D+] = Σ (m + iy) and [Dκ, D+] = Σ¯ (m − iy) where m is
the Lorentz generator, y is the U(1) generator, Dκ and D¯κ¯ are the covariant
fermionic derivatives, D+ is the covariant right-moving bosonic derivative, and
{Dκ, D¯κ¯} = D− where D− is the covariant left-moving bosonic derivative. In
components, Σ = χ + κ(r + if) and Σ¯ = χ¯ + κ¯(r − if) where κ and κ¯ are the
super-worldsheet anti-commuting parameters, r is the two-dimensional curvature,
f is the field strength of the worldsheet U(1) gauge field, and χ,χ¯ are the field
strengths of the worldsheet gravitini[28].
If and only if Φ = e−φ is superspace chiral (and therefore {G, φ} = 0), one
can construct the worldsheet supersymmetric Fradkin-Tseytlin term
∫
dz+dz−(
∫
dκǫ−1φκΣ+
∫
dκ¯ǫ¯−1φ¯κ¯Σ¯) = (4.10)
∫
dz+dz−e−1[(φ+ φ¯)r + i(φ− φ¯)f + [G, φ]χ+ [G¯, φ¯]χ¯] =
∫
dz+dz−e−1[(φ+ φ¯)r + i(φ− φ¯)f + 1√
α′
(eiρdα∇αφχ+ e−iρd¯
.
α∇ .
α
φ¯χ¯)]
where ǫ is the super-worldsheet chiral density and e is the ordinary worldsheet
density, we ignore possible double poles in the OPE of G with V (as in the
vertex operators of section 2.2), and φκ is a worldsheet and spacetime superfield
defined such that Qκφk = [G, φκ] and Q¯κ¯φκ = [G¯, φκ] where Qκ and Q¯κ¯ are the
worldsheet supersymmetry generators. (On a flat worldsheet, Qκ = ∂κ + κ¯∂−
and Q¯κ¯ = ∂κ¯ + κ∂−, so φκ = φ + κ[G, φ] − κκ¯∂−φ satisfies this definition. It
is easily checked that φκ is worldsheet chiral since D¯κ¯φ = (∂κ¯ − κ∂−)φ = 0.)
Note that the Fradkin-Tseytlin term can be written independently of ΓA since
∇αφ = EαM∂Mφ+ Γα = EαM∂M (φ+ φ¯).
From the form of the Fradkin-Tseytlin term, it is reasonable to call the
θ = θ¯ = 0 component of φ+ φ¯ the dilaton, and the θ = θ¯ = 0 component of φ− φ¯
the axion. Just as the dilaton zero mode couples to the worldsheet Euler number,
the axion zero mode couples to the worldsheet U(1) instanton number. Note that
this axion is the compensating field for spacetime U(1) transformations, and not
the dual of the anti-symmetric tensor.
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When the heterotic Fradkin-Tseytlin term is in N=(2,0) superconformal
gauge, φ − φ¯ couples to a− in the same way as the ρ field in (2.1), so one can
combine these couplings into
∫
dz+dz−∂+(ρ+ i(φ− φ¯))a−. This term is invariant
under the spacetime U(1) transformation
δφ = Λ, δφ¯ = −Λ, δΓM = ∇MΛ, δEαM = ΛEαM , δE .αM = −ΛE .αM (4.11)
if one also transforms the worldsheet variables
δρ = −2iΛ, δdα = Λdα, δd¯
.
α = −Λd¯
.
α.
Although it may look unusual for worldsheet variables to transform under a space-
time gauge transformation, it is similar to the transformation of heterotic chiral
fermions, ζq, under a Yang-Mills gauge transformation.
However, the kinetic term for the ρ variable,
∫
dz+dz−∂−ρ∂+ρ, is not in-
variant under the transformation of (4.11). We must therefore modify the kinetic
term to
∫
dz+dz− ∂−(ρ + i(φ − φ¯)) ∂+(ρ + i(φ − φ¯)), which combines with the
Fradkin-Tseytlin term in superconformal gauge to form the worldsheet and space-
time covariant expression
∫
dz+dz−[∂+(ρ+ i(φ− φ¯))D−(ρ+ i(φ− φ¯)) (4.12)
+(φ+ φ¯)r +
1√
α′
(eiρdα∇αφχ+ e−iρd¯
.
α∇ .
α
φ¯χ¯)].
(Although it may seem strange to have a term in the sigma model action which
is quadratic in φ, this also occurs in the bosonic string if one couples the
dilaton ϕ to worldsheet ghosts, and then integrates out the ghosts to obtain∫
dz+dz−(∂+ϕ∂−ϕ + ϕr)[29].) Note that the equation of motion for a− now
implies that the right-moving part of ρ satisfies ∂+ρ = −i∂+(φ− φ¯).
For the Type II superstring, the logarithms of the conformal compensators
couple to N=(2,2) worldsheet supercurvature, which is described by a worldsheet
chiral superfield Σc and its complex conjugate Σ¯c, and by a worldsheet twisted-
chiral superfield Σtc and its complex conjugate Σ¯tc. (We use the U(1)×U(1) form
of N=(2,2) supergravity which contains two independent U(1) gauge fields.[19])
These worldsheet superfields are defined by {D¯κ¯, ˆ¯Dˆ¯κ} = Σc(m+ iy), {Dκ, Dˆκ} =
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Σ¯c(m − iy), {D¯κ¯, Dˆκˆ} = Σtc(m + iyˆ), {Dκ, ˆ¯Dˆ¯κ} = Σ¯tc(m − iyˆ), where m is the
Lorentz generator, y and yˆ are the U(1)×U(1) generators, and Dκ, D¯κ¯, Dˆκˆ, ˆ¯D ˆ¯κ
are the covariant fermionic derivatives satisfying {Dκ, D¯κ¯} = D− and {Dˆκˆ, ˆ¯Dˆ¯κ} =
D+.
In components, Σc = b + κ(χ + ψ) + κˆ(χˆ + ψˆ) + κκˆ(r + i(f + fˆ) + d) and
Σtc = c+κ(χ¯−ψ¯)+ ˆ¯κ(χˆ−ψˆ)+κˆ¯κ(r+i(f− fˆ)−d) where r is the two-dimensional
curvature, f and fˆ are the right and left-moving worldsheet U(1) field strengths,
χ and χˆ are the complex gravitino field-strenghs, b and c are complex weight 1
auxiliary fields, ψ and ψˆ are complex weight 3
2
auxiliary fields, and d is a real
weight 2 auxiliary field. These additional auxiliary fields are present since we are
using the U(1)×U(1) formulation of N=(2,2) supergravity.
If, and only if, Φc = e
−φc is superspace chiral and Φtc = e
−φtc is super-
space twisted-chiral, one can construct the following Type II worldsheet Fradkin-
Tseytlin term:
∫
dz+dz−(
∫
dκdκˆ ǫ−1c φ
c
κκˆΣc +
∫
dκ¯dˆ¯κ ǫ¯−1c φ¯
c
κ¯ˆ¯κΣ¯c+ (4.13)
∫
dκdˆ¯κ ǫ−1tc φ
tc
κˆ¯κΣtc +
∫
dκ¯dκˆ ǫ¯−1tc φ¯
tc
κ¯κˆΣ¯tc) =
∫
dz+dz−e−1[(φc + φ¯c + φtc + φ¯tc)r + i(φc − φ¯c + φtc − φ¯tc)f
+i(φc − φ¯c − φtc + φ¯tc)fˆ + 1√
α′
(eiρdα∇α(φc + φtc)χˆ+ e−iρd¯
.
α∇¯ .
α
(φ¯c + φ¯tc)ˆ¯χ+
eiρˆdˆα∇ˆα(φc + φ¯tc)χ+ e−iρˆ ˆ¯dα ˆ¯∇ .α(φ¯c + φtc)χ¯) + Saux]
where ǫc and ǫtc super-worldsheet chiral and twisted-chiral densities[19], φ
c
κκˆ and
φtc
κˆ¯κ
are defined as in the heterotic case, and Saux describes the coupling of φ to
the worldsheet auxiliary fields.
Although classical worldsheet supersymmetry requires that Φc = e
−φc and
Φtc = e
−φtc are chiral and twisted-chiral, it does not require that they are re-
stricted superfields, i.e. that they satisfy the reality constraints (∇)2Φc = ( ˆ¯∇)2Φ¯c
and (∇)2Φtc = (∇ˆ)2Φ¯tc. As in the case of the superfields for the compactification
moduli, quantum N = (2, 2) superconformal invariance is expected to imply these
reality conditions (or a suitable modification), as well as the equations of motion.
Note that Saux vanishes when φc+φ¯c = φtc+φ¯tc (i.e. when ΦcΦ¯c = ΦtcΦ¯tc) since
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d couples to (φc+φ¯c−φtc−φ¯tc), ψ couples to∇α(φc−φtc) = ∇α(φc+φ¯c−φtc−φ¯tc),
and b couples to ∇α∇ˆαφc = ∇α∇ˆα(φc + φ¯c − φtc − φ¯tc). Because Saux violates
N=(2,2) superconformal invariance in a manner which does not appear to be
cancelled by anomalies in the classical term of the sigma model, ΦcΦ¯c = ΦtcΦ¯tc
is expected to be the on-shell superspace equation of motion (at least to low-
est order in α′). Note that when Ljk = δjk and all CY fields are set to zero,
ΦcΦ¯c = ΦtcΦ¯tc is indeed the equation of motion implied by varying the weight
2 conformal supergravity scalar in the low-energy Type II effective action at the
end of section 5.
From the form of the Type II Fradkin-Tseytlin term, it is reasonable to call
the θ = θ¯ = θˆ = ˆ¯θ = 0 component of φc + φ¯c + φtc + φ¯tc the dilaton, and the
θ = θ¯ = θˆ = ˆ¯θ = 0 component of φc − φ¯c ± (φtc − φ¯tc) the axions. Just as the
dilaton zero mode couples to the worldsheet Euler number, the axion zero modes
couple to the worldsheet right and left-moving U(1) instanton number.
As in the heterotic case, one can combine the Type II Fradkin-Tseytlin term
with the kinetic terms for ρ and ρˆ to obtain
∫
dz+dz−[∂+(ρ+ i(φc − φ¯c + φtc − φ¯tc))D−(ρ+ i(φc − φ¯c + φtc − φ¯tc)) (4.14)
+∂−(ρˆ+ i(φc − φ¯c − φtc + φ¯tc))D+(ρˆ+ i(φc − φ¯c − φtc + φ¯tc))
+(φc + φ¯c + φtc + φ¯tc)r +
1√
α′
(eiρdα∇α(φc + φtc)χˆ+ e−iρd¯
.
α∇¯ .
α
(φ¯c + φ¯tc)ˆ¯χ+
eiρˆdˆα∇ˆα(φc + φ¯tc)χ+ e−iρˆ ˆ¯dα ˆ¯∇ .α(φ¯c + φtc)χ¯) + Saux]
which is invariant under the spacetime U(1)×U(1) transformations
δφc = Λ + Λˆ, δφ¯c = −Λ− Λˆ, δφtc = Λ− Λˆ, δφ¯tc = −Λ + Λˆ, (4.15)
δΓM = ∇MΛ, δEαM = ΛEαM , δE .αM = −ΛE .αM
δΓˆM = ∇M Λˆ, δEαM = ΛˆEαM , δE .αM = −ΛˆE .αM ,
δρ = −4iΛ, δdα = Λdα, δd¯
.
α = −Λd¯
.
α, δρˆ = 2iΛˆ, δdˆα = Λˆdˆα, δˆ¯d
.
α = −Λˆˆ¯d
.
α.
Note that Saux is separately invariant under these transformations since it only
depends on the U(1)×U(1) invariant combination φc + φ¯c − φtc − φ¯tc.
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5. Effective Actions
The most straightforward method for constructing the effective action is to
use β-function methods to compute the low-energy equations of motion, and then
look for an action which yields these equations. Although this β-function method
is necessary for computing the explicit form of the action, we can learn a lot just
by requiring that the action has the symmetries predicted by the sigma model.
(By “effective action”, we always mean the true effective action, rather than the
possibly anomalous Wilson effective action.) Since the superfields in the sigma
model are conformally gauge-fixed by L˜ = 1 or Ljk = δjk, it will be convenient to
first construct superspace actions in this conformal gauge, and then remove the
gauge-fixing condition to obtain conformally-invariant superspace actions.
5.1. Heterotic superspace effective actions
From the form of the heterotic sigma model, the dimensionless coupling
constant λ (which couples to string loops) can be absorbed in the effective action
by rescaling the conformal compensator Φ → λΦ. This means that string loops
are counted not just by one component field, but by an entire superfield.
Similarly, the dimensionful coupling constant α′ (which couples to the clas-
sical term in the sigma model) can be absorbed by rescaling EM
a → (α′) 12EMa
and EM
α → (α′) 14EMα. (dα must also rescale to (α′) 34 dα in the sigma model, but
this is just a redefinition of worldsheet variables.) Because the effective action is
defined to be invariant under the conformal transformation δEM
a = −ΛEMa,
δEM
α = −12ΛEMα, δL˜ = 2ΛL˜, δΦ = 34ΛΦ, α′ can be absorbed in the
conformally-invariant action by rescaling L˜→ α′L˜ and Φ→ (α′) 34Φ.
In terms of the conformally gauge-fixed superfields which appear in the het-
erotic sigma model, the most general N=1 superspace effective action which is
U(1) invariant and satisfies the above properties is:
∞∑
g=0
λ2g−2
∫
d4x(
∫
d2θd2θ¯E−1
∞∑
nI=−∞
Φ1−g+nI Φ¯1−g−nI
∞∑
p=0
(α′)
p−2
2 Kpg,nI (5.1)
+
∫
d2θ Φ2−2g(α′)
3g−3
2 Fg +
∫
d2θ¯ Φ¯2−2g(α′)
3g−3
2 F¯g)
where Kpg,nI = (K
p
g,−nI )
∗ is a general superfield with U(1) weight nI and con-
formal weight p, and Fg is a chiral superfield with U(1) weight g and conformal
32
weight 3g (the conformal weight of an N=1 chiral superfield must be three times
its U(1) weight). We have explicitly separated out the Φ andΦ¯ zero modes in
(5.1), so Kpg,nI and Fg are defined to be independent of these zero modes.
Note that while the real d2θd2θ¯ integral is written with a factor of E−1 =
sdet(EA
M )−1 to make it a density, this real factor can not appear in the chiral d2θ
integrand. However, in a chiral basis where ∇¯ .
α
= δ
.
µ
.
α
∂ .
α
, Φ acts as the correspond-
ing density. (We will always be using a chiral basis when defining chiral integrals.)
In fact, all truly chiral superfields are such densities, with density weight corre-
sponding directly to conformal weight. This simplifying feature of chiral integrals
is one reason why their component evaluation is simpler than integrals over full
superspace. A similar procedure can also be applied to non-supersymmetric the-
ories, with gravity written as conformal gravity plus a compensating scalar: By
writing all fields as densities, all factors of
√−g can be removed from the action.
This procedure is useful for string theory, because it is the density form of the
dilaton field, with the same weight as (−g) 14 , that is invariant under T-duality.
For example, the low-energy action of the bosonic closed string can be written
with this dilaton field as the only density.
The effective action of (5.1)can be easily written in conformally-invariant
form by simply inserting an appropriate power of L˜ = L+α′(c1ΩYM+c2ΩLorentz)
and removing the conformal gauge-fixing condition L˜ = 1. Since the non-
chiral measure carries conformal weight −3, the chiral measure carries conformal
weight −2, Φ carries conformal weight 32 , and L˜ carries conformal weight +2, the
conformally-invariant form of (5.1)is
∞∑
g=0
λ2g−2
∫
d4x (5.2)
(
∫
d2θd2θ¯E−1
∞∑
nI=−∞
Φ1−g+nI Φ¯1−g−nI
∞∑
p=0
(α′)
p−2
2 L˜
3g−1−p
2 Kpg,nI
+
∫
d2θ Φ2−2g(α′)
3g−3
2 Fg +
∫
d2θ¯ Φ¯2−2g(α′)
3g−3
2 F¯g).
(Note that Kpg,nI may involve scale-invariant functions of L˜ such as ∂m(log L˜).)
Since the U(1) weight g of Fg must be absorbed by Φ
2−2g, Fg can only
occur with coupling λ2g−2. This means that Fg cannot receive perturbative or
33
non-perturbative quantum corrections. In other words, after expanding Φ and
L˜ around their vacuum expectation values (which can be set to one by rescaling
λ and α′), Fg appears only once in the perturbative expansion. Of course, this
does not prevent quantum corrections if a chiral F -term can also be written as a
non-chiral D-term, which could then receive quantum corrections through U(1)-
neutral factors of ΦΦ¯.
Note that any chiral F -term can be written as a non-chiral D-term if one
allows the non-local operator (∇)2/ . However, non-local 1/ terms in the
effective action come from anomalies, which are not expected to receive quantum
corrections[30]. Furthermore, some chiral F -terms can be written as local non-
chiral D-terms by pulling a factor of (∇¯)2 off a field-strength. Normally, this
would not lead to quantum corrections, since adding ΦΦ¯ to the D-term would
break gauge invariance. However, in the heterotic effective action where the
tensor multiplet transforms anomalously under Lorentz and Yang-Mills gauge
transformations, this type of D-term can sometimes lead to quantum corrections.
For example, the F -term
λ2g−2α′
3g−3
2
∫
d4x
∫
d2θ Φ2−2g(W IαW
αI)gτg(M
(i)) (5.3)
can also be written as the non-chiral D-term
λ2g−2α′
3g−3
2
∫
d4x
∫
d2θd2θ¯E−1 Φ2−2g(W IαW
αI)g−1ΩYM τg(M
(i)) (5.4)
where (∇¯)2ΩYM = W IαWαI and τg(M (i)) is a chiral function of the compactifi-
cation moduli. This non-chiral D-term can get corrections, for example, from
λ2(g+n)−2α′
3g−3
2
∫
d4x
∫
d2θd2θ¯ (5.5)
E−1 Φ2−2g−nΦ¯−n(WαW
α)g−1ΩYM τ˜g(M
(i), M¯ (i))L˜
3n
2 ,
which would give quantum corrections to τg of λ
2nτ˜g(M
(i), M¯ (i)). So the F -term
is not protected against quantum corrections. Note, however, that because (5.5)is
not gauge-invariant, it must occur in the combination
λ2g−2α′
3g−5
2
∫
d4x
∫
d2θd2θ¯E−1Φ2−2g−nΦ¯−n (5.6)
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(WαW
α)g−1(L+ α′(c1ΩYM + c2ΩLorentz))τ˜g(M
(i), M¯ (i))L˜
3n
2 .
This means that quantum corrections to the F -term of (5.3)are related by the
proportionality constant c1/c2 to quantum corrections of the F -term
λ2g−2α′
3g−3
2
∫
d4x
∫
d2θ Φ2−2gWαβγW
αβγ(WδW
δ)g−1τg(M
(i)). (5.7)
At low energies, only K00,0 contributes to the non-chiral D-term in the tree-
level effective action. (nI = 0 since U(1)-charged superfields have non-zero confor-
mal weight.) Since only the compactification moduli have conformal weight zero,
K00,0 must be some function K0(M
(i), M¯ (i)). The tree-level low-energy effective
action is therefore
λ−2α′
−1
∫
d4x[
∫
d2θd2θ¯ ΦΦ¯(L+ α′(c1ΩYM + c2ΩLorentz))
−
1
2K0(M
(i), M¯ (i))+ (5.8)
α′
−
1
2
∫
d2θ Φ2F0(M
(i)) + α′
−
1
2
∫
d2θ¯ Φ¯2F¯0(M¯
(i))].
The supergravity, tensor, and super-Yang-Mills actions come from the D-term,
while the cosmological constant and Yukawa couplings come from the F -term.
Note that the kinetic term for Yang-Mills fields gets tree-level contributions from
the D-term λ−2
∫
d4x
∫
d2θd2θ¯ c1ΩYMK(M
(i), M¯ (i)) and gets one-loop contribu-
tions from the F -term
∫
d4x
∫
d2θ W IαW
αIF1(M
(i)). Although many aspects of
the heterotic superspace effective action have already been discussed in reference
[8], the Type II superspace effective action has not yet appeared in the literature.
5.2. Type II superspace effective action
From the form of the Type II sigma model, the dimensionless coupling con-
stant λ (which couples to string loops) can be absorbed in the effective action by
rescaling the chiral and twisted-chiral compensators Φc → λΦc and Φtc → λΦtc.
As explained in section 3, Φc can be identified with a vector field strength W
(0)
and Φtc can be identified with a tensor field strength L
(0)
−−. Therefore, string loops
in the Type II effective action are counted by the superfieldsW (0) and L
(0)
jk . (This
loop-counting assumes that all compactification moduli have been expressed in
terms of the dimensionless superfieldsM
(i)
c andM
(i)
tc .) Since the graviphoton field
strength is one of the components of W (0), its kinetic term (which is quadratic
in W (0)) appears at order λ−2, as expected for a tree-level contribution.
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As in the heterotic sigma model, the dimensionful coupling constant α′ can
be absorbed by rescaling EM
a → (α′) 12EMa and EMαj → (α′) 14EMαj. Because
the effective action is defined to be invariant under the conformal transformation
δEM
a = −ΛEMa, δEMαj = −12ΛEMαj , δLjk = 2ΛLjk, δW (0) = ΛW (0), δL(0)jk =
2ΛL
(0)
jk , α
′ can be absorbed in the conformally-invariant action by rescaling Ljk →
α′Ljk, W
(0) → (α′) 12W (0), and L(0)jk → α′L(0)jk .
For the Type II superstring, mirror symmetry further restricts the super-
space effective action. Mirror transformations relate Type IIA compactifica-
tions to Type IIB compactifications by switching GˆC with
ˆ¯GC (the right-moving
fermionic generators for the compactification N=2) and switching Ω
(i)
c with Ω
(i)
tc
(the worldsheet chiral and twisted-chiral primary fields). From the form of the
Type II sigma model of (4.2)and (4.14), this switch can be undone by switching
EM
α− with EM
.
α+, Φc with Φtc, andM
(i)
c withM
(i)
tc (one must also switch ρˆ with
−ρˆ, dˆα with ˆ¯d .α, and Π0+ with −Π0+, but this is just a redefinition of worldsheet
variables). So after gauge-fixing Ljk = δjk and imposing the standard reality
conditions on Φc and Φtc, mirror symmetry relates Type IIA effective actions to
Type IIB effective actions by switching EM
α− with EM
.
α+, W (0) with L
(0)
−−, W¯
(0)
with L
(0)
++, and M
(i)
c with M
(i)
tc . (Note that EM
α− and EM
.
α+ will always appear
in combinations which allow this shift to preserve Lorentz invariance.)
Furthermore, mirror symmetry implies that the tensor multiplets L
(0)
jk and
L
(i)
jk only appear through Φtc andM
(i)
tc , and therefore, L
(0)
+− and L
(i)
+− never appear
explicitly in the sigma model. Although L
(0)
+− and L
(i)
+− appear implicitly in L
(0)
++
and M
(i)
tc through the linear constraint, their lowest component, l
(0)
+− and l
(i)
+−,
always appears with derivatives. Therefore, after gauge-fixing Ljk = δjk, the
Type II superspace effective action must be invariant under the Pecci-Quinn-like
shifts
δL
(0)
+− = c
(0), δL
(i)
+− = c
(i), (5.9)
where c(0) and c(i) are independent constants. This implies that before gauge-
fixing Ljk, the Type II effective action must be invariant under
δL
(0)
jk = c
(0)Ljk, δL
(i)
jk = c
(i)Ljk, (5.10)
which is the unique conformally and SU(2)-invariant generalization of (5.9).
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In terms of the conformally and SU(2)/U(1) gauge-fixed superfields appear-
ing in the Type II sigma model, the most general N=2 superspace action which
is U(1)×U(1) invariant and satisfies the above properties is:
∞∑
g=0
λ2g−2
∫
d4x (5.11)
(
∫
d2θd2θ¯d2θˆd2ˆ¯θE−1
∞∑
(nI ,nˆI ,s)=−∞
Φ
1
2 (1−g+nI+nˆI+s)
c Φ¯
1
2 (1−g−nI−nˆI+s)
c
Φ
1
2 (1−g+nI−nˆI−s)
tc Φ¯
1
2 (1−g−nI+nˆI−s)
tc
∞∑
p=0
(α′)
p
2Kpg,nI ,nˆI ,s
+
∫
d2θd2θˆ Φ2−2gc (α
′)g−1F cg +
∫
d2θ¯d2ˆ¯θ Φ¯2−2gc (α
′)g−1F¯ cg
+
∫
d2θd2ˆ¯θ Φ2−2gtc (α
′)g−1F tcg +
∫
d2θ¯d2θˆ Φ¯2−2gtc (α
′)g−1F¯ tcg )
where Kpg,nI ,nˆI ,s = (K
p
g,−nI ,−nˆI ,s
)∗ is a general superfield with U(1)×U(1) weight
[nI + nˆI , nI − nˆI ] and conformal weight p (s is unrestricted), F cg is a chiral super-
field with U(1)×U(1) weight [2g, 0] and conformal weight 2g (the conformal weight
of an N=2 chiral superfield must be equal its U(1) weight), and F tcg is a twisted-
chiral superfield with U(1)×U(1) weight [0, 2g] and conformal weight 2g (although
the conformal weight of an N=2 twisted-chiral superfield is unrestricted when Ljk
is gauge-fixed, mirror symmetry forces F tcg to have the same conformal weight as
F cg ). We have explicitly separated out the Φ zero modes in (5.11), so K
p
g,nI ,nˆI ,s
,
F cg , and F
tc
g are defined to be independent of these zero modes (however, they
can depend on the moduli M
(i)
c = log(W (i)/Φc) and M
(i)
tc = log(L
(i)
−−/Φtc)).
As in the heterotic superstring, F cg and F
tc
g do not receive perturbative quan-
tum corrections since they must appear in the effective action only at order λ2g−2
so that their U(1)×U(1) charge is compensated by the U(1)×U(1) charge of Φc or
Φtc. In other words, after expanding Φc and Φtc around their vacuum expectation
values, F cg and F
tc
g appear only once in the perturbative expansion. Furthermore,
mirror symmetry implies that F cg for Type IIA compactifications is related to F
tc
g
for Type IIB compactifications by switching EM
α− with EM
.
α+ and M
(i)
c with
M
(i)
tc .
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We are assuming that the chiral and twisted-chiral F -terms in (5.11)can not
be written as non-chiral D-terms, which could then receive quantum corrections
from U(1)-neutral combinations of Φc and Φtc. (See the previous subsection for
why such D-terms are unlikely.) Note that if a twisted-chiral F -term can be
written as such a D-term, then mirror symmetry implies that the mirror chiral
F -term can also be written as such a D-term. So in the unlikely event that F tcg
receives perturbative corrections, so does F cg . However, as will be discussed at
the end of this section, if mirror symmetry were non-perturbatively broken, F tcg
might receive non-perturbative corrections without F cg receiving corrections.
One type of g-loop chiral and twisted-chiral term is
λ2g−2(α′)g−1
∫
d4x[
∫
d2θd2θˆ Φ2−2gc (PαβP
αβ)gτ cg (M
(i)
c ) + c.c. (5.12)
+
∫
d2θd2ˆ¯θ Φ2−2gtc (Q
α
.
β
Qα
.
β)gτ tcg (M
(i)
tc ) + c.c.]
where Pαβ and Q
α
.
β
are the chiral and twisted-chiral supergravity field strengths
which appear in the sigma model of (4.2). These terms describe the scattering
of two gravitons with either 2g − 2 graviphotons or 2g − 2 hypermultiplets, and
occur only at g string-loops in the perturbative S-matrix [31][24]. τ cg and τ
tc
g are
functions which depend only on topological properties of the compactification
manifold, and since mirror symmetry exchanges PαβP
αβ with Q
α
.
β
Qα
.
β, τ cg for
Type IIA compactifications is equal to τ tcg for Type IIB compactifications, and
τ tcg for Type IIA compactifications is equal to τ
c
g for Type IIB compactifications.
By removing the gauge-fixing condition on Ljk, the non-chiral and chiral
terms in (5.11)can easily be written in conformally and SU(2)-invariant form as
∞∑
g=0
λ2g−2
∫
d4x(
∫
d2θd2θ¯d2θˆd2ˆ¯θE−1
∞∑
(nI ,nˆI ,s)=−∞
(5.13)
(W (0))
1
2 (1−g+nI+nˆI+s)(W¯ (0))
1
2 (1−g−nI−nˆI+s)
(yjykL
(0)
jk )
1
2 (1−g+nI−nˆI−s)(y¯ly¯mL
(0)
lm)
1
2 (1−g−nI+nˆI−s)
∞∑
p=0
(α′)
p
2 (LjkLjk)
1
4 (3g−3+s−2p)Kpg,nI ,nˆI ,s(y, y¯)
+
∫
d4θ(W (0))2−2g(α′)g−1F cg +
∫
d4θ¯(W¯ (0))2−2g(α′)g−1F¯ cg )
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where yj y¯k is defined as ǫjk + L
jk√
LlmLlm
in the non-chiral integrand, and
Kpg,nI ,nˆI ,s(y, y¯) is defined by contracting all SU(2) + indices with y’s and all
SU(2) − indices with y¯’s. Note that there are an equal number of y’s and y¯’s in
the integrand because of U(1) invariance.
However, in order to write the twisted-chiral term of (5.11)in conformally and
SU(2)-invariant form, one needs to introduce two independent complex variables,
u+ and u−[15]. Using u± and any linear superfield hj1...jn satisfying
∇α(j0hj1...jn) = ∇¯ .α(j0hj1...jn) = 0, (5.14)
one can define a “harmonic” superfield of degree n, h˜(u+, u−) = hj1...jnu
j1 ...ujn ,
which satisfies
uj∇αj h˜ = uj∇¯ .αj h˜ = 0. (5.15)
Note that the product of two harmonic superfields of degree n1 and n2 is a
harmonic superfield of degree n1 + n2.
Using a harmonic superfield h˜ of degree 2 (which has conformal weight 2 by
N=2 superspace rules), one can then define the conformally and SU(2)-invariant
action[16]
∫
d4x
∮
ujdu
j
∫
d4θ♮h˜ =
∫
d4x
∮
ujdu
j
∫
(vjdθj)
2
∫
(vkdθ¯k)
2
(vlul)4
h˜ (5.16)
where vj is arbitrary (because h˜ is harmonic, the integral is independent of vj)
and
∮
du is defined as a contour integral in CP1 around a pole of h˜. (Note that
the action is invariant under the complex projective transformation uj → quj .)
In order to reproduce the twisted-chiral term of (5.11), h˜ should be defined
as
h˜ = λ2g−2(α′)g−1
(L˜(0))2−2gF˜g
L˜
(5.17)
where L˜(0) = ujukL
(0)
jk , L˜ = u
jukLjk, and F˜tc is a harmonic superfield of degree
4g which satisfies F˜g(u
− = 1, u+ = 0) = F tcg when Ljk is gauge-fixed to δjk. (Note
that ∇−F˜g = ∇¯−F˜g = 0 when u− = 1 and u+ = 0, so F tcg is a twisted-chiral
superfield of U(1)×U(1) charge [0, 2g].) With this choice of h˜, (5.16)is
λ2g−2(α′)g−1
∫
d4x
∮
ujdu
j
∫
d4θ♮
(L˜(0))2−2gF˜g
L˜
(5.18)
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where the contour integral is performed around the pole of L˜ = ujukLjk.
When Ljk is gauge-fixed to δjk, the action of (5.18)becomes
λ2g−2(α′)g−1
∫
d4x
∮
ukdu
k
∫
d4θ♮
(L˜(0))2−2gF˜g
u+u−
(5.19)
= λ2g−2(α′)g−1
∫
d4x
∫
d2θd2ˆ¯θ
∮
dξ
(L˜(0))2−2g(u− = 1, u+ = ξ)F˜g(u
− = 1, u+ = ξ)
ξ
= λ2g−2(α′)g−1
∫
d4x
∫
d2θd2ˆ¯θ(L
(0)
−−)
2−2gF tcg
where we have chosen the CP1 basis (u−, u+) = (1, ξ) and performed a con-
tour integral around ξ = 0. Since Φtc = L
(0)
−−, (5.18)and its complex conjugate
reproduce the twisted-chiral and twisted-anti-chiral terms of (5.11).
Note that (5.18)is invariant under the Pecci-Quinn-like shifts
δL
(0)
jk = c
(0)Ljk, δL
(i)
jk = c
(i)Ljk
where c(0) and c(i) are independent constants, since these shifts eliminate the
pole when L˜ vanishes. However, it is plausible that this shift symmetry is broken
by spacetime non-perturbative instantons, just as other types of Pecci-Quinn
symmetries can be broken. (This would imply that mirror symmetry is broken
non-perturbatively since mirror symmetry implies that linear superfields appear
only through Φtc and M
(i)
tc in the effective action.)
If the shift symmetry were non-perturbatively broken, one could consider
harmonic actions of the type
λ2g−2(α′)g−1
∫
d4x
∮
ujdu
j
∫
d4θ♮(L˜
(0))2−2gy(
L˜(0)
λL˜
)
f˜
L˜
(5.20)
where f˜ = fj1...j4gu
j1 ...uj4g is a harmonic superfield of degree 4g and y(L˜(0)/λL˜)
is an arbitrary function (e.g., y(L˜(0)/λL˜) = exp(−L˜(0)/λL˜)).
Expanding around the background expectation value of L˜(0)/L˜, this term
would give corrections to hypermultiplet interactions of the form δF tcg =
y( 1λ )f−...−. Note, however, that vector multiplet interactions can not receive non-
perturbative corrections since, as in the heterotic superstring effective action, the
linear superfield can not appear in a chiral action.
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Finally, the tree-level low-energy effective action for the Type II superstring
is given by
1
λ2α′
∫
d4x[
∫
d4θ(W (0))2F c0 (M
(i)
c ) + c.c. (5.21)
+
∮
ujdu
j
∫
d4θ♮
(L˜(0))2
L˜
F tc0 (M˜
(i)
tc ) + c.c.]
where M˜
(i)
c = W (i)/W (0) and M˜
(i)
tc = L˜
(i)/L˜(0). Although the chiral part of
this low-energy action agrees with the component action of [27], the “harmonic”
part of (5.21)allows more general tensor hypermultiplet couplings than the “im-
proved tensor” action of [27]. Note that unlike the improved tensor action of [27],
(5.21)contains the Pecci-Quinn-like symmetry of (5.10).
Although N=2 supersymmetry also allows the cosmological term
1
λ2
√
α′
∫
d4x
∫
d2θd2θˆd2θ¯d2ˆ¯θE−1L
(0)
jk V
jk(0) (5.22)
where V jk(0) is the prepotential of the vector compensator, this term breaks the
Pecci-Quinn-like symmetry and is therefore perturbatively forbidden.
6. Conclusions
In this paper, we have constructed manifestly spacetime supersymmetric
sigma models and effective actions for 4D compactifications of heterotic and Type
II superstrings. For the heterotic superstring, the sigma model can be found in
equations (4.1)and (4.12), and the effective action in (5.2)and (5.8). For the Type
II superstring, the sigma model can be found in (4.2)and (4.14), and the effective
action in (5.13), (5.18), and (5.21).
We have also proven various non-renormalization theorems for the superspace
effective action, including the theorem that chiral F -terms receive no perturbative
or non-perturbative corrections. For the Type II superstring, mirror symmetry
implies that twisted-chiral F -terms (which describe hypermultiplet interactions)
are also unrenormalized. However, it is plausible that mirror symmetry is non-
perturbatively broken by spacetime instantons, which would allow hypermultiplet
interactions to receive non-perturbative corrections.
Our results in this paper were based on the observation that string loops
in the 4D heterotic superstring are counted by an N=1 chiral compensator, and
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string loops in the 4D Type II superstring are counted by an N=2 vector compen-
sator and an N=2 tensor compensator. This explains the coupling of Ramond-
Ramond fields, and contradicts the standard folklore that Type II string loops
are counted by just a hypermultiplet[17]. The mistaken folklore was caused by
confusing the physical scalar (which sits in a hypermultiplet and couples like the
determinant of the metric) with the dilaton compensator (which couples to the
worldsheet curvature).
Based on a similar incorrect reasoning, the standard folklore also claims that
for the 4D heterotic superstring with N = 2 spacetime supersymmetry, string
loops are counted by a vector multiplet[17]. Although we are presently unsure
of the precise supersymmetry multiplet for the dilaton compensator in this N=2
heterotic case, we believe that it is not just a vector multiplet, and therefore the
standard folklore is again incorrect.
An obvious question is if our techniques can be generalized to the ten-
dimensional uncompactified superstring. Although there does exist an N=2
worldsheet-supersymmetric description of the uncompactified superstring, this
description is not manifestly SO(9,1) invariant[5]. This makes it difficult to ex-
tend the worldsheet action in a flat superspace background to a sigma model
action in a curved superspace background. Nevertheless, we conjecture that if
such an extension were performed (probably using harmonic variables to make
Lorentz invariance manifest), the 10D supergravity theory would contain a space-
time conformal compensator which couples to worldsheet supercurvature in the
sigma model. Hopefully, a proper understanding of this compensator will lead to
an off-shell superspace description of 10D supergravity.
A less ambitious question is if our techniques can be generalized to six-
dimensional compactifications of the superstring (which, after toroidal compact-
ification, would be useful for understanding the N=2 4D heterotic superstring).
Since there already exists an N=2 worldsheet-supersymmetric description of the
superstring with manifest SO(5,1) invariance[24], the answer is probably yes. As
was shown with Cumrun Vafa, this six-dimensional superstring actually contains
N=4 worldsheet supersymmetry, which can be made manifest by introducing
SU(2)/U(1) harmonic variables. It is likely that, as in references [32] and [15],
42
these harmonic variables will be useful for constructing manifestly spacetime su-
persymmetric sigma models and effective actions. A 6D superspace effective ac-
tion would be very useful for studying the recent string-duality conjectures which
relate the 6D heterotic and Type II superstrings[3][4][17].
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